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INTRODUCTION 


The capacity of tissues to hydrolyze catalytically 
mono-esters of phosphoric acid generally shows 
two optima, one at an acid reaction and the other 
at an alkaline reaction. That reaction occurring 
with an optimum at pH 4-5 is considered due to the 
activity of an acid phosphatase, distinct from that 
reaction occurring with an optimum at pH 9-10 
which is considered due to the activity of an alka- 
line phosphatase (7). Fractionation of kidney 
tissue has revealed that the activity of each of these 
phosphatases is associated with a different protein 

2). A very considerable literature has been built 
up on studies of the phosphatase ac*'vity of various 
biologic materials at acid and at alkaline reactions, 
including those derived from investigations on 
tumors (/, 3, 4,4). ns little informa- 
tion exists on the phosphatase activity of either 
normal or neoplastic tissues at the neutral and 
physiologic range of pH. One reason for this is 
the fact that phosphatase activity within this 
region is generally at a minimum level compared 
with that at more acid and alkaline reactions, and 
the tendency has been to emphasize and to devote 
more attention to studies at the more extreme reac- 
tions at the expense of investigations in the less 
activating but more as pm cg regions of pH. 

The results reported in the present paper are 


derived from a brief survey of the relative capacity 
of tissue extracts to hydrolyze at pH 6.7-6.9 the 


neutral sodium salt of 8-glycerophosphate. These 
studies also include observations on fresh and 
dialyzed tissue extracts. 
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EXPERIMENTAL PROCEDURE AND RESULTS 


The preparation of the tissue extracts and the 
general procedure for phosphatase estimations 
were the same as those described (3,6). One cubic 
centimeter of aqueous tissue extract was mixed 
with 1 ce. of substrate solution containing 0.97 
mg. of sodium £-glycerophosphate in water; the 
mixture was allowed to incubate at 37° C. for 
2 hours, then cooled, treated with 1-2 ce. of 5 per- 
cent trichloracetic acid, and centrifuged. Inor- 
ganic phosphate determinations were performed 
according to the method of Fiske and Subbarow. 
Preliminary investigations showed that a nearly 
linear relation between extract concentration and 
activity was achieved for most tissues when the 
extract contained the equivalent of 82 mg. of tissue 
per cubic centimeter, and this concentration was 
therefore employed for the studies reported. The 
natural buffering capacity of the mixture of extract 
and substrate was found to be sufficient to hold the 
pH between the limits 6.7-6.9 during the incuba- 
tion period. Salts were added to the mixtures of 
dialyzed extracts (dialyzed for 24 hours against 
distilled water) and substrate in final concentra- 
tion of 0.014 N. 

The results are given in terms of increment of 
values of inorganic phosphate phosphorus in mix- 
tures of extract and substrate over those in mix- 
tures of extract and distilled water. The substrate 
solutions themselves are stable over long periods of 
time and yield no evidence of inorganic phosphate. 

The B-glycerophosphatase activity in fresh ex- 
tracts of normal and neoplastic mouse tissues is 
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given in the tabulation. The incubation period 
was 2 hours at 37° C. 
Micrograms inorganic phosphate 


Tissue * phosphorus liberated? 
12 
Transplanted hepatoma 98/15___----------------- 14 
56 
Transplanted lymphosarcoma. 10 
103 
Transplanted intestinal adenocarcinoma 10 
33 
Spontaneous mammary 44 


1 Extract equivalent to 83 mg. tissue per cubie centimeter. 
? Complete splitting yields 160 micrograms. 


From the tabulation it would appear (1) that 
the intestinal mucosa is the most active tissue, and 
thymus the least active tissue, (2) that the range 
of activity is wider among the normal tissues than 
among the tumors studied, and (3) that, with the 


exception of the thymus, when normal tissues such . 


as liver, lymph nodes, and intestinal mucosa be- 
come neoplastic, there is a decrease in neutral 
phosphatase activity. 

The results of studies on fresh and on dialyzed 
rat tissue extracts are given in table 1. 


TABLE 1.—Neutral 8-glycerophosphatase actvity in fresh 
and dialyzed rat tissue extracts* 


phosphate phos- 
Tissue Salt * phorus liberated‘ 
in— 

Fresh ex- | Dialyzed 

tracts extracts 5 

22 
50 

6 160 

6160 
41 

61 


! pH 6.7-6.9, incubation period 2 hours at 37° C. 

2 Extract equivalent to 83 mg. tissue per cubic centimeter. 

3 Concentration in digest 0.014N. 

4 Complete splitting yields 160 micrograms. 

5 Dialyzed 24 hours previously against distilled water. 

6 At this value, i. e., equivalent to complete —_. of substrate, at con- 
centrations of tissue extract as low as 21 mg. tissue per cubic centimeter. 


The data in table 1 show (1) that the activity 
of neutral £-glycerophosphatase is the same in 
dialyzed as in fresh tissue extracts, (2) that the 
substrate is completely hydrolyzed in dialyzed kid- 
ney extracts, and (3) that addition of magnesium 
chloride accelerates the activity in dialyzed ex- 


tracts of liver and spleen. Salt activation is ap-> 
parently unnecessary in dialyzed kidney extract: 
under the conditions used, since even in the ab- 
sence of added salt the dialyzed extract splits the 
substrate completely. This complete hydrolysis i: 
revealed at still lower extract concentrations and, 
indicates the presence of a powerful phosphatase” 
in kidney. ‘ 
DISCUSSION 


terms of descending alkaline phosphatase activity 
of fresh extracts of normal mouse tissues is as fol. 
lows: intestinal mucosa, kidney, spleen, brain. 
lymph nodes, liver, muscle, and pancreas (5).¢ 
Similarly, for acid phosphatase, the relative order 
in terms of descending activity is: spleen, S408. 
nodes, intestinal mucosa, kidney, brain, muscle. 
liver, and pancreas (5). The relative order for 
neutral phosphatase revealed in the tabulation is: 
intestinal mucosa, kidney, muscle, pancreas, liver. , 
lymph nodes, spleen, and brain. The high phos. 
phatase activity at neutral pH of intestinal mu. 
cosa and of kidney is a reflection of the extremely 
high activity of these tissues at more alkaline pH 
ranges. It might appear as if the level of phospha- 
tase activity at neutral pH may be due to the sum. 
mation of residual activity of phosphatases with 
maxima at more acid or alkaline ranges. The! 
relative activity at the neutral ra:.ge would be pre- 
dictable therefore if the shape of the pH-activity 
curves for phosphatase activity was known for eacl. 
tissue. 

The similar level of inorganic phosphate noted 
in dialyzed and in fresh tissue extracts (table 1) 


Under similar conditions, the relative order i 


is different from that observed in studies of the 
dephosphorylation of the nucleic acids (@). ly 
the studies on the nucleic acids, two alternative ex: 

planations were offered for this phenomenon. 

namely, (1) that dialysis removed some inhibitor 

in the fresh extract for the dephosphorylating en- 

zyme, and (2) that dialysis removed some phos- 

phate acceptor in the fresh extract. Like the 

dephosphorylation of the nucleic acids, the split- 

ting of phosphate from f-glycerophosphate in, 
dialyzed extracts is accelerated by magnesium 

and, to a lesser extent, by sodium (6). Again as 

in the case when the nucleic acids were used as 

substrate (6), kidney is the most active dephos- 

phorylating tissue of those studied. 

The decrease in phosphatase activity when 1 
normal tissue becomes neoplastic is a general but 
not absolute phenomenon. The activity of the 
thymoma is higher than that of the normal thy- 
mus, but the latter tissue stands lowest in point of 
activity of all normal tissues studied. Since the 
neoplastic transformation appears to involve ar 
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approach to a more or less uniform type of tissue, 
it might be expected that the level of an enzyme 
extremely low in normal tissue would tend to rise 
when that tissue became neoplastic (5). 


SUMMARY 
The relative activity of B-glycerophosphatase at 


pH 6.7-6.9 was determined in fresh extracts of a 
number of normal and neoplastic mouse tissues and 


in fresh and in dialyzed extracts of normal rat 
tissues. 

With the exception of the thymoma, the activity 
of the mouse tumors was lower than in the corre- 
sponding normal tissues. 

Nearly the same amount of inorganic phosphate 
split from the substrate was noted in dialyzed as 
in fresh tissues. Magnesium and, to a lesser ex- 
tent, sodium had an activating effect in dialyzed 
tissue extracts. 


REFERENCES 


(1) AtBers, H.: Phosphatasen: In Nord, F. F., and 
Weidenhagen, R., Handbuch der Enzymologie, v. 1, 
pp. 408-479. Leipzig (1940). 

(2) PeRLMANN, G. E., and Ferry, R. M.: A note on the 
separation of kidney phosphatases. J. Biol. Chem., 
142: 513-517 (1942). 

(3) GREENSTEIN, J. P.: Distribution of acid and alkaline 
phosphatase in tumors, normal tissues, and the 
tissues of tumor-bearing rats and mice. J. Nut. 
Cancer Inst., 2: 511-524 (1942). 


(4) Wooparp, H. Q.: Acid and alkaline glycerophospha- 
tase in tissue and serum. Cancer Research, 2: 
497-503 (1942). 

(5) GREENSTEIN, J. P.: Biochemistry of cancer. 
York (1946). 

(6) GREENSTEIN, J. P., Curter, C. E., CHALKLEY, H. W., 
and LeutTHarpt, M.: Enzymatic desamination 
and dephosphorylation of ribosenucleic and des- 
oxyribosenucleic acids. J. Nat. Cancer Inst., 7: 
9-27 (196). 


New 


| 
ap-» 
racts 
> ab- 
s the 
sis is 
and, 
atase” 


f 


= 
of 
al 
m 
t] 
st 
es 
o 
st 
a 
st 
P 
ti 
E 
a 
p 
1 
t 
iF 
t 
ag 
i 


SURVEY OF HYPNOTICS IN GENERAL WITH REGARD TO PULMONARY-TUMOR 
INDUCTION IN MICE 


By C. D. Larsen, rescarch fellow, with the technical assistance of Paut B. Ruoaps, Jr., and Lucirie L. Weep, National 
Cancer Institute, National Institute of Health, United States Public Health Service. 


INTRODUCTION 


Nettleship and Henshaw (1), during the course 
of certain unrelated investigations, noted frequent 
and multiple pulmonary adenomas in strain C3H 
mice, a strain in which the normal incidence is less 
than 5 percent at 6 months of age. The animals 
in which this phenomenon was observed had been 
subjected to experimental conditions which nec- 
essitated sedation. Individual analysis of the 
factors present revealed that ethyl carbamate (ure- 
thane) had been responsible for the increased in- 
cidence of pulmonary tumors. It was also demon- 
strated that the narcotizing agent exerted a similar 
and more striking effect when administered to 
strain A mice. Subsequently, Henshaw and Meyer 
(2, 3) observed that the tumor-inciting agent ap- 
peared to exert its carcinogenic effect on respira- 
tory epithelium only, and that this effect was ob- 
tained regardless of whether the route of adminis- 
tration was oral, subcutaneous, or intraperitoneal. 
Evidence of pulmonary tumors was noted as early 
as 2 months after mitial intraperitoneal adminis- 
tration of the agent. Grady and Stewart (4) had 
previously observed that intravenous injection of 
1.2.5,6-dibenzanthracene into strain A mice was 
followed by the appearance of adenomas in the 
lungs within 6 to 8 weeks. 

Induction of morphologically indistinguishable 
tumors by these two totally dissimilar and unre- 
lated chemical compounds and development of the 
tumors after apparently similar time intervals sug- 
gest the possibility that the fundamental reaction 
of the tissue to the agent may be similar, if not 
identical, in these two instances. 

Ethyl carbamate, regardless of the route of ad- 
ministration, is rapidly absorbed. This simple 
chemical compound, or a metabolite, exerts an in- 
fluence on pulmonary-tissue cells which releases in- 
herent potentialities for “abnormal” differentia- 
tion. The magnitude of release of potentiality for 
adenoma formation is associated with the sus- 
ceptibility to spontaneous lung-tumor development 
in several strains of mice, as will be shown in a 
subsequent publication. This phenomenon appears 
to offer new avenues of approach to the mechanism 
of carcinogenesis. 

In order to examine this mechanism, certain 
exploratory investigations were indicated. Where- 
as Nettleship and Henshaw (7) obtained a signifi- 
cant increase in lung-tumor incidence in strain 


C3H and strain A mice following repeated intra- 
peritoneal injections of subnarcotizing doses of 
urethane, it does not necessarily follow that anes- 
thesia per se is not associated with the lung-tumor- 
inciting phenomenon. Apparent absence of clin- 
ical manifestations of narcosis does not preclude 
some degree of cellular anesthesia in hypersensi- 
tive tissues. If the increase in pulmonary-tumor 
incidence, which follows the administration of 
ethyl carbamate to mice, was in any way associated 
with cellular anesthesia, it became of interest to 
know whether the use of other narcotizing agents 
would result in tumor induction. The work re- 
corded herein was undertaken to determine whether 
certain narcotizing compounds, chemically related 
or unrelated to urethane, were capable of eliciting 
pulmonary-tumor formation under controlled ex- 
perimental conditions. 


MATERIALS AND METHODS 


The greater susceptibility of strain A mice to the 
induction of lung tumors with ethyl carbamate, as 
observed by Nettleship and Henshaw (7), led to 
the choice of this strain in the qualitative exaimi- 
nations described herein. Healthy mice, 10 weeks 
of age, were used. Insofar as possible individual 
experimental groups consisted of mice of each sex, 
which in most instances resulted in uniform litter 
representation in the groups. Male mice weighing 
less than 20 gm. and females weighing less than 
18 gm. were excluded. Each compound examined 
was subjected to tolerance tests in this strain. 
Maximum sublethal doses were employed in the 
qualitative examination of the effects of repeated 
administration of the tested compounds. In 
some instances tricaprylin instead of water was 
used as a vehicle in order to attain solution and 
uniform dosage of the compounds. Groups of 20 
control mice were examined from time to time to 
determine the spontaneous tumor incidence at 6 
months of age. 

In order to establish a basis for comparison with 
the lung-tumor-eliciting activities of other esters 
of carbamic acid and of nitrogen-alkylated ethyl 
carbamates, to be reported subsequently, the effects 
of ethyl carbamate, administered under variable 
conditions, were examined. Results obtained with 
two of these routes of administration, i. e., intra- 
peritoneal injection and incorporation of the agent 

in drinking water, in comparatively small groups 
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of mice, have been reported previously (7,3). The 
results obtained with a third route, 1. e., intra- 
peritoneal injection of ethyl carbamate, using tri- 
caprylin as the vehicle, were observed and are re- 
ported herein. 


EXPERIMENTAL PROCEDURE AND RESULTS 
ETHYL CARBAMATE 


For the purpose of qualitative examination of 
a number of, in part, chemically unrelated nar- 
cotizing compounds, the need of a base line was 
self-evident. If the induction of lung tumors in 
strain A mice by ethyl carbamate was intimately 
or incidentally associated with narcosis, it logically 
followed that administration of doses approaching 
maximum tolerance would be most likely to reveal 
tumor-inciting activity of the other narcotizing 
agents under investigation. Conditions that had 
been described previously (7) were employed with 
slight modifications. 

Ethyl carbamate was administered by intraperi- 
toneal injection to a mixed group of strain A mice. 
Thirteen weekly injections of 1 mg. of urethane 
(0.01 ml. of a 10-percent solution in distilled 
water) per gram body weight were made. About 
3 weeks after completion of the course of injec- 
tions, when surviving animals had attained an age 
of 6 months, they were killed by cervical disloca- 
tion or asphyxiation. The lungs were excised, and 
ach lobe was immediately examined under the dis- 
secting microscope (7Xmagnification) for the 
presence of peripheral pulmonary tumors.’ At 
necropsy all mice exhibited multiple adenomas in 
the lungs. Absence of appreciable differences of 
response in males and females in this group and 
in subsequent groups permitted pooling of the 
data, which are assembled in table 1. 

Although many strain A mice appeared to tol- 
erate within limits, the described dose of urethane 
over the entire experimental period, frequently, 
after 10 or 11 weeks, in some animals there were 
noted clinical manifestations that appeared to be 
the result of cumulative kidney damage. Usually 
a slight loss in weight was noted which was fol- 
lowed by a rapid increase associated with a large 
accumulation of ascitic fluid, with or without a 
generalized anasarca. The ascites was found asso- 
ciated with a glomerular lesion of the kidney 


1 Representative nodules were submitted from time to time for 
histologic diagnosis. Microscopie confirmation of the gross diag- 
noses approached 100 percent. With practice, the appearance of 
the nodule, its consistency, its tendency toward pedunculation 
when on the surface, and its relative nonfriability between 
tweezer points when partially embedded in the lung tissue permit 
easy differentiation between even the most discrete adenoma and 
the occasional minute subpleural foci of lymphoid cells. The 
infrequent nodule on which a gross diagnosis was uncertain was 
routinely submitted to microscopic examination prior to tabula- 
tion. Whereas serial sections of lung tissue do frequently reveal 
small tumors, the presence of which are not grossly discernible, 
the peripheral index may be considered adequate in qualitative 
and quantitative evaluation of lung-tumor induction. 


1.—Ethyl carbamate—pulmonary tumors 


| Dose ! 
| Mice | Tumors? 
Group | Route | with per 
r pes | tumors | mouse 
| Percent 
10 percent urethane in | | 
1.0 73 100 45.0 
5 percent urethane in | 
5 48 100 89. 2 
2 percent urethane in | 
31.0 | 21 100 38.0 
0.1 percent urethane | | | 
| 41.04 86 99 2 
10 percent urethane in | 
tricaprylin_......... 1.0 | 43 100 61.0 
Controls, tricaprylin } 


! Dose of agent per gram mouse in 0.01 ml. vehicle; injected I. P., weekly 
for 13 weeks. 

2 Average number of tumors per mouse, including those in groups with no 
tumors. 

§ Dose divided equally into 5 daily injections each week. 

440.07 mg. 

50.01 ml. tricaprylin/gram/week. 


which, together with histologic changes in the 
gonads, will be described at a later date. This 
condition, which was much more prevalent in male 
than in female mice, was noted in somewhat lesser 
degree when the same dose was injected with tri- 
caprylin as the vehicle or was incorporated in the 
drinking water. Generally, those which had de- 
veloped ascites appeared to have been somewhat 
less susceptible to lung-tumor induction than were 
those in which ascites had not developed.? No evi- 
dence of this lesion was observed in control mice. 

The apparent specificity of action of urethane 
on pulmonary tissue raised the question whether 
the tissue response was associated with the con- 
centration of the agent in the circulating body flu- 
ids. If so, because of relatively rapid metabolism 
and excretion of urethane, administration of com- 
parable quantities of the agent in divided doses 
might be expected to result in modified fluid con- 
centrations and lowered tissue response. ‘To test 
this hypothesis, a group of mice was treated under 
the same experimental conditions as those in the 
preceding group, except that the total dose of the 
agent was administered in five equal portions on 
successive days each week. Examination of the 
lungs at the end of the experimental period re- 
vealed the presence of multiple lung tumors in all 
mice, the average number per mouse being only 
slightly less than in the preceding group. 

Further division of the total dose was attained 
in another group of mice by oral administration 
of ethyl carbamate as a 0.1-percent solution in their 


? Another group of mice was injected with half as much ure- 
thane, 0.5 mg. as a 5-percent solution in water per gram of mouse. 
Injection of this dose incuced only shallow anesthesia. Following 
13 weekly injections, no ascites was observed. However, the 
average number of lung tumors in a group of 48 mice appears to 
be approximately 50 percent greater than in any group that had 
a — a fully nareotizing dose or its equivalent for 
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HYPNOTICS AND PULMONARY-TUMOR INDUCTION 


drinking water. When necropsied, it was found 
that all mice had multiple pulmonary tumors. 
The average number of tumors per mouse, their 
size, and variations in numbers from mouse to 
mouse were of the same order as in the two pre- 
ceding groups. As may be observed by examina- 
tion of the data in table 1, the pulmonary-tissue 
response was of the same order of magnitude, re- 
gardless of the mode of administration of a fixed 
total dose. 

Likewise, in another experimental group, the use 
of tricaprylin® as a vehicle for intraperitoneal 
injection of urethane led to results which differed 
from the controls in the same order of magnitude 
as those obtained with water as the vehicle. The 
onset and duration of narcosis appeared to be in- 


dependent of the solvent. Similarly, a lung-tumor . 


incidence of 100 percent was attained and the av- 
erage number of lung tumors per mouse was of 
the same order of magnitude. The previously 
noted kidney damage and acute ascites led to mor- 
talities of about 15 and 10 percent, respectively, 
in the groups in which water or tricaprylin was 
used as vehicle for the agent. 

In a group of 40 mice, injected only with tri- 
caprylin (0.01 ml./gram mouse) the lung-tumor in- 
cidence was 5 percent. Although somewhat lower 
than the incidence of 17 percent in the untreated 
control group, this difference is not considered sig- 
nificant. Random sampling of the untreated con- 
trol group frequently reveals differences of this 
order, 

BARBITURATES 


The ease with which pulmonary tumors were in- 
dueed with urethane naturally led to examination 
of a series of barbituric acid derivatives which, in 
that they are also derivatives of urea, are in a sense 
related to urethane. A series of 12 barbiturates, 
injected intraperitoneally at weekly intervals, were 
administered as aqueous solutions of the sodium or 
calcium salts, to strain A mice at or near maximum 
tolerated dosage levels. In all other respects, the 
experimental conditions were comparable with 
those described for urethane. In no instance did 
the pulmonary-tumor incidence or the frequency 
of lung tumors within individual mice differ from 
the order of values encountered in control groups 
of the same size and age. The pertinent data are 
presented in table 2. 

MISCELLANEOUS COMPOUNDS 


A series of compounds possessing varying de- 
grees of potency as narcotizing agents, with or 
without structural groups found in the urethane 

*We wish to express our thanks to Dr. K. C. D. Hickman, Distil- 


lation Products. Inc.. for high vacuum distillation of material 
synthesized in this laboratory. 
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TABLE 2.—Barbiturates—pulmonary tumors 


Num- | Mice | Tumors 
Compound Substituents Dose! | ber of | with per 
mice | tumors| mouse 
Per- 
per week cent 

0.3 30 7 0.07 

Ipral-Ca........ 5,5’-ethylisopropyl- 2B 4 

Neonal-Na_---- 5,5’-ethyl-n-butyl____- of 45 20 

Nembutal-Na_-| 5, 5’-ethyl-(1-methyl- 52 15 
butyl). 

Pentothal-Na_-.| 5,5’-ethyl-(1-methyl- of 33 ll 
butyl). 

Amytal-Na.....| 5,5’-ethylisoamyl.....| 1 

Luminal-Na-_._-| 5,5’-ethyl-phenyl_____- al 51 20 

Prominal-Na__.| 3-methy]-5,5’-ethyl- 43 9 09 
phenyl. 

Evipal-Na-. - 3-methyl-5,5’- methyl- 47 17 .17 

cyclohexenyl. 
Allurate-Na_...| 5,5’-allyl-isopropyl- 43 19 .19 
| butyl). 


1 Dose of agent per gram mouse in 0.01-ml. vehicle; injected I. P., weekly 
for 13 weeks. 


molecule and with or without classification as being 
derivatives of urea, was examined. Age of mice, 
strain, and frequency of administration of the 
compounds were analogous to the conditions in 
urethane-treated mice. Examination of the data 
in table 3 shows that administration of these com- 


TABLE 3.—Viscellancous compounds—pulmonary tumors 


~ 4 
mat 
Compound and formula | 2 28] | Degree of narcosis 
eS5| 
loual |="Is 
a > |e & 
| Per- 
| cent 
Urea 8 |0.12 | Slight. 
Thiourea NH:-CS-NH2.- { Do. 
Ethanol 4 | 14] 36 | | Deep. 
. 7 29 - 21 | Questionable. 
Methylal | | 48| 19 | Slight to moderate. 
Sulfonal § (CH3)2C(SO:- -5| 55 | 28 | .31 | Moderate and pro- 
longed. 
j 3 S o- 
C:H; 7© (802 T | 55] 20] .22 | Deepand prolonged. 
Chloral hydrate Cl;-C- 4) W 16 6 | .06 Do. 
CH-(OH):. 
Paraldehyde (CH;CHO);.| .8 | W | 18] 17 | Deep. 


1 W=aqueous solution; usually compounded in a concentration which 
resulted in administration of the —— dose in 0.01 ml. per gram mouse. 

2? Divided dose; 2 injections, 0.02 m1. per gram mouse of 10-percent solution, 
1 hour apart. 

30.02 ml. of 25-percent solution per gram mouse. 

4 a as solvent and vehicle. 

5 Supplied by Dr. L. C. Miller, Winthrop Chemical Co., Inc. 


TS=tricaprylin suspension. 


e 
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0.18 
45.0 | 
89. 2 
38.0 
56.2 
61.0 
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pounds, within the limits of the existing experi- 
mental conditions, is in no case followed by either a 
greater lung tumor incidence within the groups or 
un increase in the tumor frequency in individual 
mice, when compared with controls of the same age. 


SUMMARY 


Administration of ethyl carbamate to strain A 
nice elicited the formation of multiple pulmonary 
tumors in all animals. Pulmonary-tissue 
sponses, as evidenced by the average number of 
tumors per mouse, were of the same order of mag- 
nitude, regardless of the mode of administration of 
a fixed total dose. The response noted following 
the use of tricaprylin was comparable with that 
when water was the vehicle. 
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A series of barbituric acid derivatives, employed _ 
under conditions which, except for the limitations _ 
of dose tolerance, were analogous to those in 
urethane-treated mice failed to increase the inci- 
dence or frequency of lung tumors. 2 

A miscellaneous series of compounds, urea, 
thiourea, ethanol, ethylal, methylal, sulfonal, tri- 
onal, chloral hydrate, and paraldehyde, some of 
which contain structural configurations found in 
urethane, and most of which are effective narcotiz- 
ing agents in strain A mice, was tested. None of 
these compounds was capable of increasing the 
incidence or frequency of lung tumors. 

Within the scope of the series of hypnotics ex- 
amined, ethyl carbamate was found Aa unique in 


its elicitation of pulmonary tumors in strain A 


mice. 


(3) HENSHAW, I. S., and Meyer, IL. L.: Further studies 
on urethane-induced pulmonary tumors. J. Nat. 
Cancer Inst., 5: 415-417 (1945). 


(;) Grapy, H. G., and Stewart, H. L.: Histogenesis of 
induced pulmonary tumors in strain A mice. Am. 
J. Path., 16: 417-482 (140). 
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ENZYMATIC DESAMINATION AND DEPHOSPHORYLATION 
AND DESOXYRIBOSENUCLEIC ACIDS 


OF RIBOSENUCLEIC 


By Jesse P. GREENSTEIN, principal biochemist, CHARLES E. C Arter, assistant surgeon, Harotp W. CHALKLEY, senior physi- 
ologist, and FLorENce M. LeutHarpt, junior biochemist, National Cancer Institute, National Institute of Health, 


United States Public Health Service 
INTRODUCTION 


Because of the suggestive connection of nucleic 
acid with the structure of viruses and of chromo- 
somes (cf. (1)), with transmissible and inherit- 
able changes in the morphologic pattern of cer- 
tain bacteria (2), and with physiologic processes 
involving normal and atypical growth and devel- 
opment (3), considerable contemporary interest 
in this class of high-molecular-weight compounds 
has been evoked. Knowledge of the metabolic 
fate of the nucleic acids within tissues is of fun- 
damental importance in the understanding of the 
phenomena presumed to be elicited by these sub- 
stances. 

On complete hydrolysis, the nucleic acids yield 
nitrogenous bases (purines and pyrimidines), 
sugar, and phosphoric acid. These three compo- 
nents are combined for the most part in the form 
of nucleotides within the nucleic acid molecule 
whereby the phosphoric acid is esterified with 
sugar, and the base is combined in either ribo- 
sidic (yeast) or desoxyribosidic (thymus) linkage. 
The nucleotides are combined with each other 
through phosphate ester linkages, phosphoric acid 
thereby being doubly esterified, and these nu- 
cleotide combinations are polymerized to yield 
molecules of high molecular weight. 

Of the nitrogenous bases, three, namely, ade- 
nine, guanine, and cytosine, contain amino groups 
which possess the potentiality of furnishing am- 
monia on hydrolytic enzymatic desamination. Of 
these, only guanine is desaminated in most tissues. 
When combined in nucleoside or nucleotide link- 
age, the susceptibility to enzymatic desamination 
of guanine, of adenine, and to a more limited ex- 
tent, of cytosine, is considerably increased. Nucleo- 
tides of each of the nitrogenous bases are readily 
dephosphorylated in extracts of most tissues by 
phosphatases to which the designation of nucleo- 
tidase has been applied. The polynucleotide com- 
binations which form the molecule of nucleic acid 
are held together by phosphate ester linkages 
which may be hydrolyzed under certain condi- 
tions by polynucleotidase, an enzyme which be- 
cause of the nature of the susceptible linkage may 
be classed as a phosphatase. The polymerized 
polynucleotides are held together by forces not yet 
understood. Enzymes presumably responsible for 
the desaggregation of the nucleic acid polymers 


have been designated as nucleodepolymerases (cf. 
(1)). The designation nucleinase has frequently 
been applied to the enzyme complex concerned 
with the degradation of the intact and polymer- 
ized nucleate to the individual nucleotides. The 
nucleinase complex includes, therefore, those sys- 
tems referred to as depolymerase and polynucleg- 
tidase. 

The enzymatic desamination of the individual 
bases, of the nucleosides, and nucleotides, and the 
enzymatic dephosphorylation of the nucleotides 
have often been investigated (4-4, cf.(7)). Much 
less is known about the behavior under similar con- 
ditions of the more complicated molecules of the 
nucleic acids. Greenstein and Chalkley (8) 
studied the desamination at neutral pH of ribose- 
nucleic and desoxyribosenucleic acids added to 
aqueous extracts of rat spleen and noted the follow- 
ing: (1) The rate of desamination of the nucleates 
is progressive with time, reaching a maximum 
value of 100 micrograms of ammonia nitrogen 
evolved from 5 mg. of either type of nucleate; (2) 
although in dialyzed, salt-free extracts of spleen, 
ribosenucleic acid is desaminated to the same extent 
as in fresh extracts, desoxyribosenucleic acid is not 
at all desaminated ; (3) the capacity to desaminate 
the desoxyribosenucleate can, however, be com- 
pletely restored to the dialyzed extract by adding 
at 0.01M concentration the sulfate, acetate, nitrate, 
or halide (except fluoride) of any one of the alkali 
or alkaline earth metals (except beryllium), the 
hydrochlorides of such bases as guanidine or ar- 
ginine, and the chlorides of manganese, cobalt, and 
nickel; (4) the sodium salts of fluoride, bicarbo- 
nate, and phosphate not only fail to restore to the 
dialyzed extract the capacity to desaminate des- 
oxyribosenucleate but also are inhibitory when 
added to the fresh extract; (5) within limits, the 
desamination of desoxyribosenucleate is markedly 
affected, that of ribosenucleate relatively little af- 
fected, by the degree of dilution of the fresh ex- 
tract, a phenomenon which apparently has little 
to do with the level of salt concentration; (6) when 
dialyzed extracts of spleen are digested with 
ribosenucleate, much more phosphorus appears in 
dialyzable form than in fresh extracts of the tissue ; 
and (7) the desamination of the nucleates by trans- 
planted hepatomas is very much higher than that 
of normal liver. 
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When the digests of nucleate and spleen tissue 
extract were heated and dialyzed, no appreciable 
organic nitrogen or phosphorus was noted in the 
dialyzate. On the basis of this observation, it was 
believed that the desamination of the nucleates oc- 
curred when they were highly polymerized struc- 
tures, and the designation nucleodesaminase was 
applied by Greenstein and Chalkley (8) to the 
enzyme apparently responsible. With the finding 
by one of us (C. E. C.) that sugar is present in such 
dialyzates, it seems probable that the nucleates are 
split into smaller fragments during the digestion 
period (9), and that the ammonia may be derived 
from any one of these fragments, ranging from 
nucleic acid down to the free purine. The failure 
to find dialyzable organic nitrogen and phosphorus 
after the digest is heated was due to technical error 
and is discussed more in detail later. It is not yet 
definitely established whether desamination pre- 
cedes, accompanies, or follows the fragmentation 
by depolymerase, polynucleotidase, the nucleoti- 
dases, or the nucleosidases. The implications of 
the phenomena are discussed more fully in the pres- 
ent paper as well as elsewhere (9). At the present 
time the designation nucleodesaminase can be ap- 
plied only to the progressive appearance of am- 
monia in digests of nucleic acid with aqueous tissue 
extracts, without commitment as to the size or state 
of the substrate at any moment. Nucleodesami- 
nase activity may thus be the sum of the activities 
of numerous individual desaminases, as well as a 
reflection of the net activity of one or more related 
enzymes, such as depolymerase and polynucleoti- 
dase, ete. 

The present paper represents further studies on 
the enzymatic production of ammonia, as well as 
studies on the simultaneous production of inor- 
ganic phosphate in digests of ribosenucleic acid 
and of desoxyribosenucleic acid with extracts of 
a wide variety of animal tissues under different 
experimental conditions. The designation nucleo- 
phosphatase activity can be given to the progres- 
sive appearance of inorganic phosphate in such 
digests, such designation being subjected to the 
same limitations as mentioned previously for that 
of nucleodesaminase. As will be noted from the 
data presented, the possibility that nucleic acid 
or its split products can function partly as a phos- 
phate donor makes the picture of nucleophospha- 
tase activity still more complicated. Because of 
the ambiguity inherent in ascertaining the exact 
conditions underlying nucleodesaminase and nu- 
cleophosphatase activity, it might be advisable to 
hold these terms in abeyance until such time as the 
conditions are better known. The data in the pres- 
ent paper are given simply in terms of the amount 


of ammonia or phosphate produced from nucleate 
digests under stated experimental conditions. 


EXPERIMENTAL PROCEDURE 
ANIMAL TISSUE 


The tissues of well over 1,000 rats and mice were 
employed for the present studies. The animals 
were killed by decapitation or cervical dislocation, 
and the tissues were freshly removed, ground in 
a glass mortar with clean sand, and then taken up 
in measured volumes of distilled water. After 
lightly centrifuging, the supernatant was used as 
the source of enzyme. All such extracts were used 
within a half hour after preparation. 

For experiments with dialyzed extracts, the ap- 
propriate freshly prepared extract was divided 
into halves. One-half was placed in a cellophane 
tube and dialyzed against frequently changed, dis- 
tilled water for 24 hours within the ice box. The 
other half was kept in a glass container at the same 
temperature and for the same period. This fresh- 
tissue control after standing for 24 hours at 5° C. 
had very nearly the same activity as when it was 
newly prepared. Because of this consideration and 
in view of the fact that the reproducibility of the 
data from one tissue extract to another was as good 
as +10 percent, the practice of setting up this 
fresh-extract control was abandoned. In experi- 
ments with dialyzed extracts in which a nearly 
salt free condition was desired, it was found neces- 
sary also to dialyze the nucleate solutions. Desoxy- 
ribosenucleate is prepared in the presence of so- 
dium chloride: and since it forms an inhomoge- 
neous mass of fibers, the possibility cannot be ex- 
cluded that certain Arosoth may contain varying 
y maar of this salt despite efforts at purification. 
As noted later, completely dialyzed mixtures of 
various tissues with dialyzed solutions of desoxy- 
ribosenucleate yield neither ammonia nor phos- 
phate. If dialyzed mixtures do demonstrate the 
presence of these substances, it is found that either 
extract or nucleate solution, or both, was insufli- 
ciently dialyzed. 


SUBSTRATES 


The nucleates employed were the soluble, puri- 
fied sodium salts of yeast nucleic acid and of thy- 
mus nucleic acid. Samples of the latter type of 
nucleate were prepared by the method of Ham- 
marsten (10). The yeast nucleate gave a phos- 
phorus value of 8.0 percent, the two thymus-nu- 
cleate preparations gave phosphorus values of 8.4 
and 8.8 percent. Less than 5 percent of the nu- 
cleate preparations was dialyzable through cello- 
phane. 
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_ Adenine, yeast adenylic acid, guanine, and gua- 
_ nosine were Hoffmann-La Roche products. Gua- 
nylie acid was prepared by the method of Steudel 
and Peiser (77), cytosine and isocytosine by the 
~ method of Wheeler and Johnson (12), and cytidyl- 
ic acid and uridylic acid by the method of Bred- 
ereck and Richter (73). Cytidine (as the nitrate) 
was a gift from Dr. H. S. Loring, of Stanford Uni- 
versity. Solutions of adenine or of guanine were 
made by dissolving the purine in hot hydrochloric 
acid and subsequently neutralizing with sodium 
hydroxide. Aliquots of the resulting suspension 
were used after strong shaking. No difficulty was 
encountered in obtaining a uniform suspension of 
guanosine. The other materials dissolved readily 
in water, and the solutions were brought to neutral 
pH by addition of dilute sodium hydroxide. 
Yeast nucleic acid serves as a model for the 
ribosenucleic acids and thymus nucleic acid for the 
desoxyribosenucleic acids. The terms “ribosenu- 
cleate” and “desoxyribosenucleate” used through- 
, out this paper refer, therefore, to materials ob- 
tained from yeast and from the thymus gland, 
respectively. 


ENZYME DETERMINATIONS 


According to the method employed, 1 ce. of the 
desired extract was mixed with 1 cc. of substrate. 
The control consisted of 1 cc. of the same extract, 
together with 1 cc. of distilled water. After incu- 
bation at 37° C. for a specified period, ammonia 
nitrogen or phosphate phosphorus was determined 
in both test and control mixtures, and the differ- 
ence in values found gave the amount of ammonia 

or phosphate released from the substrate. The 
“substrate solutions were stable in every case and 


; themselves never liberated ammonia or phos- 


phate; nevertheless, such solutions were never kept 
for more than a few days in the refrigerator. 
The method used for the determination of en- 
zymatie desamination was described previously by 
Greenstein and Chalkley (4). The individual 
digests were incubated in the test tubes subse- 
quently employed for aeration so that no transfers 
were involved. Results are expressed in terms of 
micrograms of ammonia nitrogen. 
For determinations of inorganic phosphate, the 
mixtures were placed in conical centrifuge tubes 
of 15-ce. capacity and after incubation at 37° C. 
" for the desired period were treated with 1 ce. of 5 
_percent trichloracetic acid. The precipitant was 
made fresh every day. After centrifuging at high 
speed, the supernatant was transferred to a 25-ce. 
graduated cylinder and made up to the 25-ee. mark 
with distilled water. Two drops of 10N sulfuric 


acid were added, followed by 2 cc. of 2 percent 
ammonium molybdate solution and by 1 ce. of 0.4- 
percent dye according to Fiske and Subbarow. 
The colors developed were matched against stand- 
ards similarly treated. 

The pH of the mixtures was stabilized by the 
natural buffers of the tissues and remained within 
the limits of 6.8 to 6.4 during the course of the ex- 
perimental period. No added buffers were em- 
ployed since it was apparently unnecessary and 
because it was desired to note the specific effects 
of ions on the enzymatic systems studied, particu- 
larly in dialyzed extracts. In only one case was 
the pH limit mentioned exceeded, and that was 
when bicarbonate was used in certain experiments. 
The pH in such mixtures was 7.8-8.0. Control ex- 
periments, made with extracts to which very dilute 
solutions of sodium hydroxide were added so as 
to yield the pH 7.8-8.0, demonstrated very little 
differences in enzymatic activity from those ex- 
tracts at the lower pH. It can, therefore, be as- 
sumed that whatever effects were noted with the 
bicarbonate ion were due specifically to the ion 
and not to the difference in pH from that of the 
digest used for comparison. 


DESAMINATION AND DEPHOSPHORYLATION OF PURINES, 
NUCLEOSIDES, AND NUCLEOTIDES 


Before investigating the enzymatic splitting of 
nitrogen and phosphorus from the nucleic acids, 
it was considered desirable to possess some infor- 
mation of these phenomena in digests containing 
the simpler components of the acids. Table 1 lists 
data on purines, pyrimidines, nucleosides, and nu- 
cleotides in extracts of various tissues of the rat 
and of the mouse. 

Neither adenine nor cytosine (nor isocytosine) is 
desaminated by any of the tissues. Of all the tis- 
sues studied, only mouse kidney, and to a very 
slight extent mouse liver, are capable of desami- 
nating cytidine and cytidylic acid. The desamina- 
tion of cytidylic acid is accomplished by extracts 
of the kidneys of A, C, C3H, and dilute brown 
strain mice. This species and organ specificity in 
regard to the desamination of cytidylic acid is in- 
deed curious in view of the fact that all the tissues 
studied, except muscle, in both rats and mice, 
‘an dephosphorylate the pyrimidine nucleotide. 
Guanylic acid is readily desaminated, and both 
guanylic acid and uridylic acid are readily dephes- 
phorylated, all seemingly to a generally wider ex- 
tent than is either adenylic or cytidylic acid. The 
most active tissue generally is kidney, particularly 
that of the mouse, 
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TABLE 1.—Ammonia N and phosphate P evolved in digests of purines, pyrimidines, and nucleotides with fresh aqueous. Fo 
tissue extracts * 
of th 
Substrate tides 
Tissue Adenine | Adenylie acid Guanine Guanylie acid | Cytidine| Cytidylie acid whie 
N x | P N | N | N | P | N | wN N | P | P exter 
Rat: | | li 
Liver 0 10 61 42 55 | 80 0 0 0) 18 In ah 
Kidney 3. 0 is 40 | 44 | 48 90 0 0 0) 78 of the 
3 0 56 | 48 48 60 0 0 0) 44 | ] 
rain a 0 42 52 48 0 0 0 10 
Pancreas 0 12 30 | 20 18 0 | 0 0 cope 
Muscle. 0 0 0) 40 | 40 | 4 0 | 0) 0 | 0 « also 
Mouse: | b. 
Liver... 0 48 56 | 40 44 46 | 80 >0 | >0 52 | cubat 
Hepatoma 587 0 48 44 48 | 48 | 72 0 38) hos 
Kidney... 0 50 s4 50 | 48 46 | 840 84 Phos] 
Spleen. 0 36 12 | 39 44 | 50 | 14 0 | 0 | 0 | 8 | with) 
Brain. ___- 0 0 52 40 46 | 44 50 0 0! 0} 46 | 
Pancreas 0 8 12 0 40 | 42 | 18 0 | 0 | 0) 8 | “| with 
0 0 0 | 0 | 40 30 | 0 0 
| | occu} 
Digests consisted of 1 ec. aqueous extract (equivalent to 166 mg. tissue) plus 1 cc. of neutralized substrate solution containing, respectively, 1.24 mg. adensii each 
acid, 0.45 mg. adenine, 0.51 mg. guanine, 1.01 mg. guanosine, 1.28 mg. guanylic acid, 0.41 mg. cytosine, 0.85 mg. cytidine, 1.20 mg. cytidylic acid, and 1.20 mg fecte 
uridylie acid. Incubation period was 5 hours at 37° C. Results are given in terms of micrograms of ammonia N or inorganic phosphate P. Values of 50 micro 
crams N or 112 micrograms P are those obtained, respectively on complete desamination or dephosphorylation. becor 
2? Isocytosine was also resistant to enzymatic desamination. 
3 Dialyzed extracts of these tissues had very nearly the same desamination and dephosphorylation activity as did corresponding fresh extracts. answi 
4 Noted in ‘nice of strains A, C, C3H, and dilute brown. ° 
of li 
The data given in table 1 refer to values obtained = of the phosphorus split from each of the four of th 
after 5 hours of incubation. Most of the substrates _ nucleotides digested separately and independently) that | 
listed were studied after 0.5- and 1.5-hour incuba- _in each extract, each nucleotide being at the samef usc! 
tion periods, and it was noted that between 80 and concentration as in (2). The data are given inf mixtt 
0 percent of the ammonia and phosphate observed _ table 2. of th 
at 5 hours had been split off the substrates within = Wi 
the first hour. There was relatively little differ- Taste 2.—Comparison of ammonia N and phosphate Pi dephe 
ence between the values found after 1.5 and after erolved in digests of single nucleotides, of equimolal, in diz 
5 hours of incubation. The impression Was gained mixtures of 4 different nucleotides, and of ribosenucleate of the 
that most of the reaction occurred during the first on Freeh and in datysed teeue extracts of bot 
hour of incubation, went just so far, and progressed ' doom 
very little after that. with no marked differences | Ammonia N and phosphate P evolved from— Iti 
in rates of desamination and dehposphorylation. 
Data obtained on dialyzed tissues did not vary sig- | | f 
. . . 'T 
nificantly from those obtained on corresponding issue tides?in fresh |in fresh orin) yg 
fresh extracts | orin dialyzed) dialyzed ex- In fresh tis- | tissue ex- | Mous 
| extracts tracts sue extracts | tracts in des 
DESAMINATION AND DEPHOSPHORYLATION IN MIXTURES OF l cause 
NUCLEOTIDES P | P|N| PIN | spleer 
To some extent, as Loring and Carpenter re- Rat: | | | nucle 
four nucleotides, adenylic, guanylic, cytidylic, and Si pl ol st wl or N 
uridylic acids. For of the study, 30) 30) Vari 
three sets of data were derived as follows: Desam- The 
j j ‘vlati j Liver (strain A).| 94, 268) 62 140) 16 
on 5 mg. ribosenucleate per cubic centimeter of Kidney. 136 | 125| 310| 82) 20 With 
substrate solution in fresh and in dialyzed tissue civen 
extracts, and (2) on equimolecular mixtures of the Incubation period was 5 hours st 37° C. Results ave given in terms GE” 


four separate nucleotides in such total concentra- 
tion as to be equivalent per cubic centimeter to 5 
me. ribosenucleate, e. g., total weight 5.1 mg. per 
cubie centimeter. The data obtained were then 
compared (3) with the sum of the ammonia and 


micrograms ammonia N or inorganic phosphate P; digests consisted of 1 cc 
tissue extract (equivalent to 166 mg. tissue) plus 1 cc. substrate solution. 7 

2 Represents sum of N or P evolved from individual digests of adenylic 
a ge cytidylic, and uridylic acids, each at concentrations given i 
table 1. 

3 Represents N or P evolved from equimolar mixtures of adenylic, guanyli 
eytidylic, and uridylic acids, each acid at the same concentration as given 
table 1. Results nearly identical in dialyzed tissues. 

4 Concentration of nucleate was 5 mg. per cubic centimeter. 
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_ For every tissue except kidney, the summation 
of the individual dephosphorylation of the nucleo- 
tides is the same in fresh and in dialyzed extracts 
-| and is greater than that of the nucleotide mixtures, 
- - which in turn is greater than that for ribosenu- 
__. cleate in fresh extracts. Except for muscle, the 
Pp __ extent of dephosphorylation of the nucleotide mix- 
ture is very much the same as that of ribosenvcleate 
in dialyzed tissue extracts. Like the case of each 


Y of the individual nucleotides, the desamination and 

«| dephosphoryiation of the nucleotide mixture are 

«= also nearly complete during the first hour of in- 

» cubation. It would appear that the splitting of 

* phosphate when all four nucleotides are contained 

®| within a given volume is hindered, as compared 

«| with the splitting of each of the nucleotides when 

“| occupying individually the same volume. Whether 

ienyliey each of the four nucleotides in the mixture is af- 

20 me’ fected to an equal extent or whether one or more 

- become resistant under such conditions cannot be 

_ answered at the present time. With the exception 

of liver and muscle, the desamination summation 

fow} of the individual nucleotides is not different from 

ently, that of the nucleotides mixture. In liver and in 

same, muscle extracts, the desamination of the nucleotide 

en inf mixture is less than the desamination summation 
of the four individual nucleotides. 

With the possible exception of the kidney, the 

_dephosphorylation of the nucleates in fresh but not 


in dialyzed extracts falls considerably below those 
of the nucleotide mixture; and with the exception 
of both kidney and spleen, the same is true of the 
desamination phenomenon. 

It is interesting that the most active tissue in de- 
phosphorylating individual nucleotides, mixtures 
of nucleotides, or the nucleates, is the kidney. 
Mouse kidney in particular is also the most active 
in desamination of the nucleotides (no doubt be- 
cause of its effect on cytidylic acid), sharing with 
spleen the most active desaminating effect on the 
nucleates, 


TIMe COURSE OF DESAMINATION AND DEPHOSPHORYLATION 
OF NUCLEATES AND NUCLEOTIDE MIXTURES IN EXx1RACTS OF 
Various TIssuEs 


The data at time intervals of incubation of 0.5, 
1.5, 3, and 5 hours for mixture of tissue extracts 
with nucleates and with nucleotide mixtures are 
given in figures 1-7. 
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Figure 1.—Time course of the appearance of ammonia 
nitrogen and phosphate phosphorus in digests of nu- 
cleates or of ribose nucleotide mixtures with aqueous 
extracts of rat liver. Curves are as follows: 

1, 2, and 4, Nitrogen from desoxyribosenucleate, ribose- 
nucleate, and nucleotide mixture, respectively, in 
extracts equivalent to 166 mg. tissue per cubic 
centimeter ; 

3 and 5, Nitrogen from desoxyribosenucleate or from 
ribosenucleate (3) or from nucleotide mixture (5) 
in extracts equivalent to 333 mg. tissue per cubic 
centimeter ; 

6, 7, and 9, Phosphorus from desoxyribosenucleate, 
ribosenucleate, and nucleotide mixture, respectively, 
in extracts equivalent to 166 mg. tissue per cubic 
centimeter ; 

S and 10, Phosphorus from desoxyribosenucleate or 
from ribosenucleate (8) and from nucleotide mix- 
ture (10) in extracts equivalent to 333 mg. tissue per 
cubie centimeter. 

Abscissa refers to hours of incubation at 37° C. Ordinates 

refer, respectively, to micrograms ammonia nitrogen (left 

side) and inorganic phosphorus (right side). Digests con- 
sisted of 1 ce. tissue extract plus 1 ce. 0.5 percent nucle- 
ate or 1 ce. nucleotide mixture composed of 1.24 mg. ade- 
nylie acid, 1.28 mg. guanylie acid, 1.20 mg. cytidylie acid, 
and 1.20 mg. uridylic acid. Continuous lines refer to eyvo- 
lution of ammonia nitrogen, dotted lines to evolution of 
inorganic phosphate phosphorus. 
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Ficure 2.—Time course of the appearance of ammonia ni- 
trogen and phosphate phosphorus in digests of nucleates 
or of ribose nucleotide mixtures with aqueous extracts of 
rat kidney. Curves are as follows: 


1 and 2, Phosphorus from desoxyribosenucleate and 
from ribosenucleate in extracts equivalent to 166 
mg. tissue per cubic centimeter ; 

3 and 4, Phosphorus from desoxyribosenucleate and 
from ribosenucleate or nucleotide mixture in ex- 
tracts equivalent to 333 mg. tissue per cubic centi- 
meter ; 

5 and 7, Nitrogen from desoxyribosenucleate, and from 
ribosenucleate in extracts equivalent to 166 mg. 
tissue cubic centimeter ; 

6, 8, and 9, Nitrogen from desoxyribosenucleate, from 
ribosenucleate, and from nucleotide mixture, respec- 
tively, in extracts equivalent to 333 mg. per cubic 
centimeter. 


Experimental conditions and presentation of data as in 
figure 1. Data obtained with extracts of tissue equivalent 
to 666 mg. per cubic centimeter nearly identical with those 
obtained with extracts equivalent to 333 mg. per cubic centi- 
meter. 


ao 


MOUSE KIDNEY 
7 
4.00 
x5 
90 
6 
| 
3300 
N 
p 
60 
x ‘4200 
30 


ie) 1 2 3 
HOURS 


Figure 3.—Time course of the appearance of ammoni: 


nitrogen and phosphate phosphorus in digests of nucle? 
ates or of ribose nucleotide mixtures with aqueow 
extracts of mouse kidney. Curves are as follows: 


1, 2, and 3, Phosphorus from desoxyribosenucleate 
from ribosenucleate, and from nucleotide mixture 
respectively, in extracts equivalent to 166 mg. tissw 
per cubie centimeter ; 

4 and 5, Phosphorus from desoxyribosenucleate anit 
from either ribosenucleate or nucleotide mixture it, 
extracts equivalent to 333 mg. tissue per cubit 
centimeter ; 

6, 7, and 10, Nitrogen from desoxyribosenucleate, frou 
ribosenucleate, and from nucleotide mixture, respe q 
tively, in extracts equivalent to 166 mg. tissue per 
cubic centimeter ; 

8 and 11, Nitrogen from desoxyribosenucleate and foc 
nucleotide mixture in extracts equivalent to 3° 
mg. tissue per cubic centimeter ; 

9, Nitrogen from ribosenucleate and from nucleotié 
mixture in extracts equivalent to 333 mg. tissue pe 
cubie centimeter, and from nucleotide mixture 
extracts equivalent to 166 mg. tissue per eu 
centimeter. 


Experimental conditions and presentation of data as ) 
figure 1. Data obtained with extracts of tissue equivale: 
to 666 mg. of tissue per cubic centimeter nearly identic 
with those obtained with extracts equivalent to 333 mg. pe 
cubie centimeter. 
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RAT SPLEEN 


4400 


Figure 4.—Time course of the appearance of ammonia 


nitrogen and phosphate phosphorus in digests of nucle- 
ates or of ribose nucleotide mixtuves with aqueous ex- 
tracts of rat spleen. Curves are as fol ow 


1 and 38, Phosphorus from desoxyrib senucleate or 
from ribosenucleate in extracts equivalent to 166 
mg. tissue per cubic centimeter ; 

and 4, Phosphorus from desoxyribosenucleate and 

from ribosenucleate or nucleotide mixture in ex- 

tracts equivalent to 333 mg. tissue per cubic cen- 
timeter ; 

5 and 7, Nitrogen from desoxyribosenucleate and from 
ribosenucleate in extracts equivalent to 166 mg. 
tissue per cubic centimeter ; 

6, 8, and 9, Nitrogen from desoxyribosenucleate, from 
ribosenucleate, and from nucleotide mixtures, re- 
spectively, in extracts equivalent to 333 mg. tissue 
per cubic centimeter. 


to 


Experimental conditions and presentation of data as 
in figure 1. 
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Figure 5.—Time course of the appearance of ammonia ni- 


trogen and phosphate phosphorus in digests of nucleates 
or of ribose nucleotide mixtures with aqueous extracts 
of rat brain. Curves are as follows: 


1, Nitrogen or phosphorus from desoxyribosenucleate 
in extracts equivalent to 166 mg. tissue per cubic 
centimeter ; 

3, Nitrogen from ribosenucleate in extracts equivalent 
to 166 mg. tissue per cubic centimeter ; 

2, 4, and 5, Nitrogen fron) desoxyribosenucleate, from 
ribosenucleate, and from nucleotide mixtures, re- 
spectively, in extracts equivalent to 333 mg. tissue 
per cubic centimeter ; 

6, 7, and 8, Phosphorus from desoxyribosenucleate, 
from ribosenucleate, and from nucleotide mixture, 
respectively, in extracts equivalent to 333 mg. tissue 
per cubic centimeter. Curve 6 also refers to phos- 
phorus from ribosenucleate in extracts equivalent 
to 166 mg. tissue per cubic centimeter. 


Experimental conditions and presentation of data as 
in figure 1. 
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2 Fictre 6.—Time course of the appearance of ammonia 
nitrogen and phosphate phosphorus in digests of nucle- 
ate or of ribose nucleotide mixtures with aqueous ex- 
tracts of rat pancreas or muscle. Curves are as follows : 


1, Nitrogen or phosphorus from ribosenucleate and 
desoxyribosenucleate in extracts of pancreas or 
muscle at concentrations of tissue equivalent either 
to 166 or to 333 mg. per cubic centimeter ; 

2 and 3, Nitrogen from nucleotide mixtures in extract 

of muscle and in extract of pancreas at concentra- 

tions of tissue equivalent to 333 mg. per cubic cen- 
timeter ; 

and 5, Phosphorus from nucleotide mixtures in ex- 

tract of muscle and in extract of pancreas at con- 

centrations of tissue equivalent to 333 mg. per cubic 
centimeter. 


Experimental conditions and presentation of data as in 
figure 1. 


100 


HOURS 


FicurE 7.—Time course of the appearance of ammonia 
nitrogen and phosphate phosphorus in digests of nucle- 
ates or of ribose nucleotide mixtures with aqueous ex- 
tracts of normal mouse liver and of transplanted mouse 
hepatoma 587 at concentrations of tissue equivalent 
to 166 mg. per cubic centimeter. Curves are as follows: 


1 and 2, Nitrogen from desoxyribosenucleate and from 
ribosenucleate in liver extracts; 

3 and 4, Nitrogen from desoxyribosenucleate and from 
ribosenucleate in hepatoma extracts; 


5, Nitrogen from nucleotide mixture in either liver or | 


hepatoma extract ; 

6, Phosphorus from either desoxyribosenucleate or 
ribosenucleate in liver extracts; 

7 and 8, Phosphorus from desoxyribosenucleate and 
from ribosenucleate in hepatoma extracts; 

9 and 10, Phosphorus from nucleotide mixture in hepa- 
toma and in liver extracts. 


Experimental conditions and presentation of data as in 
figure 1. 
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EFFECT OF CONCENTRATION OF EXTRACT 


The effect of two different concentrations of 
extract on the desamination and dephosphoryla- 
tion of ribosenucleate and of desoxyribosenucleate 
is shown in table 3. In practically every case, the 
doubling of extract concentration (e. g., from 166 
to 333 mg. tissue per cubic centimeter), leaving 
substrate concentration constant, produces a very 
considerable increase in the desamination or de- 
phosphorylation of desoxyribosenucleate and a 
relatively smaller increase in the case of ribosenu- 
cleate (8). The addition of salt to the lower ex- 
tract concentration causes very little effect on the 
splitting of nitrogen and phosphorus from desoxy- 
ribosenucleate. Changes in activity produced by 
changes in the concentration of extract are due in 


only a small measure to alterations in salt level. . 


There seems to be no doubt that enzymatic degra- 
dation of desoxyribosenucleate is far more depend- 
ent on the degree of diiution of the extract than is 
that of ribosenucleate. Table 3 shows that where- 
as ribosenucleate in extracts of 166 mg. tissue per 
cubic centimeter is more susceptible than desoxy- 
ribosenucleate, in extracts of 333 mg. tissue both 
substrates appear to be nearly equally susceptible 
in all tissues studied. Thus it could be expected 
that on progressive dilution of the tissue extract 
with water, the divergence between the values for 
ribosenucleate and desoxyribosenucleate will in- 
crease, the desamination and dephosphorylation of 
the latter falling off much faster than for the 
former. This was actually noted in the case of all 
tissues studied and was pointed out earlier in the 
case of spleen (8). 


TaBLe 3.—Effect of extract concentration on the desami- 
nation and dephosphorylation of ribosenucleate and 
desoryribosenucleate * 


Extract equivalent to | Extract equivalent to 333 
166 mg. tissue per mg. tissue per cubic 
cubic centimeter centimeter 
Tissue Ribosenu- Desoxyrib- Ribosenu- Desoxyrib- 
osenu- osenu- 
cleate cleate cleate cleate 
N | P| N | P|N|P|NI|P 
Rat: 
See 25 60 25 45 80 80 
Fetal liver........... 13 53 2 10 16} 121 12 35 
Primary hepatoma-- 42 6 5: 80 80 
85 | 250 64 170 305 85 280 
iis iisintesissimeilecedl 97 25 84 6 97 48 97 20 
32 10 0 0 34 15 14 10 
Mouse: 
Liver (strain C3H)..| 16 34 6 28 38 52 36 50 
Hepatoma 98/15... .. 70 60 54 60 94 68 83 68 


1 Digests consisted of 1 cc. fresh-tissue extract at concentrations designated 
plus 1 ce, ribosenucleate or desoxyribosenucleate at 0.5-percent concentration 
in water. Incubation period was 5 hours at 37° C. Results are given in 

of ammonia N and phosphate P. 

2 Addition of sodium chloride or magnesium sulfate at 0.01M concentration 

causes only a very slight increase in activity. 


702532—46——2 


The pattern of desamination and dephosphory- 
lation activity is quite different in each tissue. 
Kidney has a high rate of desamination and de- 
phosphorylation, spleen has a high rate of desami- 
nation and a very low rate of dephosphorylation, 
while liver has a low rate of both. Brain, muscle, 
and pancreas have an extremely low rate of both. 

Nevertheless, there appear to be certain similari- 
ties in reaction in all the tissues; all these relate to 
the fact that although the dephosphorylation of 
the nucleates proceeds to nearly the maximum 
extent within the first hour and then virtually 
ceases thereafter, the desamination proceeds more 
gradually over the 5-hour interval. The desami- 
nation of the nucleotide mixture is, however, of the 
same relatively abrupt character shown by the 
dephosphorylation of the substrates studied. 

Increasing the concentration of kidney extract 
beyond the equivalent of 333 mg. tissue per cubic 
centimeter produces no change in activity. The 
activity of extracts of transplanted hepatoma on 
the desamination and dephosphorylation of the 
nucleates is much higher than that of normal liver 
(8), but the activity of both tissues toward the 
nucleotide, whether singly or in the mixture, is very 
much the same. The high activity of the trans- 
planted hepatoma as compared with normal liver 
was previously noted (8). 

In the case of rat-kidney or rat-spleen extract at 
concentrations of 333 mg. tissue per cubic centi- 
meter, the values of phosphate split from ribosenu- 
cleate and from the nucleotide mixture are very 
nearly the same (figs. 2 and 4). In extracts of 
mouse kidney at the same concentration, the values 
not only of phosphate but also of ammonia split 
from ribosenucleate and from the nucleotide mix- 
ture are very nearly the same (fig. 3). This inter- 
esting concordance between the related substrates 
in the digests described is not encountered in more 
dilute extracts (166 mg. tissue per cubic centi- 
meter) of these tissues. 

The similarity in activity level of the primary 
rat hepatoma and normal rat liver has been noted 
(15, 16). The transplanted rat hepatoma, like 
the transplanted mouse hepatoma, desaminates the 
nucleates to a much greater extent than does the 
corresponding normal liver. No data are avail- 
able on the dephosphorylation rate of the trans- 
planted rat hepatoma 31. However, the dephos- 
eo mg activity of the transplanted mouse 

epatoma, like the desamination activity, is much 
higher than that of liver. The desamination and 
dephosphorylation of the nucleates by fetal rat 
liver is considerably lower than that of the adult 
liver, but one interesting fact may be noted. The 
dephosphorylation of ribosenucleate and of des- 
oxyribosenucleate is not very different in the adult 


18 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


liver whereas in the fetal liver the dephosphoryla- 
tion of the former far exceeds that of the latter. 
Indeed at the higher extract concentration, the 
dephosphorylation of ribosenucleate in fetal liver 
exceeds that in adult liver. 


EFFECT OF SALTS AND OF DIALYsIS 


extracts of these tissues, while dialyzed extracts of bof the - 


liver and of brain produce more desamination of 
this substrate; (4) dialyzed extracts of kidney plus 
salts produce more desamination of desoxyribose- 
nucleate but no more dephosphorylation than do 
fresh extracts; §°) dialyzed extracts of all the 
tissues neither desaminate nor dephosphorylate 


_rylatio 


equimo 
the san 
observa 
tracts 
been re 


; desoxyribosenucleate; (6) addition of the chlor- The 
It was repeatedly noted in earlier experiments _ ides of sodium, potassium, calcium, magnesium, or | presen¢ 
that dialyzed spleen extracts split off more dialyz- arginine considerably enhances, beyond that of the | phosph 
able phosphorus from ribosenucleate, but no more fresh tissue, the capacity of the dialyzed extracts § with tl 
ammonia nitrogen, than did fresh extracts of this of liver to desaminate and dephosphorylate desoxy- |) desami: 
issue (8). Under these conditions, dialyzed spleen __ ribosenucleate, and of spleen, brain, and_pan- [ cleate) 
extract split neither phosphorus nor ammonia creas to dephosphorylate this substrate; (7) ad- , tent by 
from Pe Sea po The addition of any dition of bicarbonate or fluoride to the dialyzed | galts, 
one of a wide variety of salts to the dialyzed spleen extracts of the tissues fails to restore either desami- | desami 
extract restored the desamination capacity to act —_ nation or dephosphorylation capacity for desoxy- |) rat-sple 
on desoxyribosenucleate, but no further tests were ribosenucleate; (8) all the effective chlorides ap- | was ver 
made for phosphorus in the presence of this pear to be nearly equally active in the degree to } sodium 
substrate. which each restores or enhances, beyond that of | monoh) 
The effect of dialysis and the effect of the addi- the fresh tissue, the desamination and dephos- | The. 
tion of a variety of salts to both dialyzed and to phorylation capacity of the dialyzed tissues; and | pride o1 
fresh extracts of a number of rat tissues are given (9) although in the fresh-tissue extract the de- { the nuc 
in table 4. ss of ribosenucleate exceeds that of | jn the c 
The following points in table 4 may be noted: esoxyribosenucleate, the reverse is true in dialyzed | terestin 
(1) Tissue extracts require salts for the metabolism extracts of liver and of spleen. their re 
of desoxyribosenucleate but not for that of ribose- These findings are generally consistent with § nucleat 
nucleate; (2) except in extracts of kidney, sodium those noted earlier on spleen (8) and by extension § the fre: 
bicarbonate and sodium fluoride have an inhib- of the investigation to still other tissues have em- # the acti 
iting effect on the desamination and dephos- phasized the phenomena. The considerably Earl: 
horylation of the nucleates whether in fresh or greater desamination and dephosphorylation ca- j that di: 
in dialyzed extracts; (3) dialyzed extracts of liver, pacity of dialyzed extracts of certain tissues for § the cay 
spleen, brain, pancreas, and muscle produce more __ ribosenucleate and for desoxyribosenucleate (when § dephos 
dephosphorylation of ribosenucleate than do fresh salt is present) is noteworthy, particularly in view pacity 
(table 4 
Tarte 4.—Effect of salts on the desamination and dephosphorylation of nucleates in fresh and in dialyzed rat-tissue (8), a1 
extracts * erally 
-capacit: 
Liver Kidney Spleen Brain Pancreas Muscle desami 
whethe 
Substrate ? Salt 3 Fresh |Dialyzed| Fresh | Dialyzed| Fresh | Dialyzed| Fresh | Dialyzed| Fresh | Dialyzed | Fresh | Dialyzed phoryl: 
tion sit 
Pe |x| | P| ar 
23 | 50 | 56 | 124 | 86 | 92] 228 96 65 | 32 | 10 42 70 0 0 0 78; 0 0 0 1 I 
26 | 50 | 60 | 130 | 84| 92| 230 20} 96| Be t ms 
7| 32) 0 10 | 62 | 248 40 | 140 10 0 ak 
5|40| 0| 0| 58| 180] 0 6| 5| 4] 0| 0] 0| 0| 0] 0 desami: 
6 | 40 | 110 | 58 102 | 210 6| 86) 160} 5 0 25 0 5 0 0 
6 | 40 | 112 | 58 | 210 nk In resto 
Desoxyribose- 6 | 42 | 22] 124] 58 102 | 220 38 32. that th 
Arginine HCl.--.| 6 | 45 | 20 | 120| 58 | 210 | 100 | 195 desami 
table 5 
1 Digests consisted of 1 ce. tissue extract (equivalent to 166 mg. tissue) plus 1 ce. substrate. Extracts were dialyzed for 24 hours against distilled water at 4, but { 
5° C, Salts added as 0.2 cc. of 0.15M stock solutions to extracts prior to mixing with substrate. Incubation period was 5 hours at 37° C. Resultsare given =; ? 
in terms of micrograms ammonia N and phosphate P. lons po 
2 Substrates at concentration of 5 mg. per cubic centimeter water. Substrate solutions used with dialyzed extracts were themselves dialyzed against water ext t 
for 24 hours rac 


3 In final concentration of 0.014M in digests. Salts at concentrations higher than 0.5M were inhibitory. 
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of » of the fact that the desamination and dephospho- 
»£ ylation of the individual nucleotides or of the 
1S _ equimolecular nucleotide mixture are practically 
the same in fresh and dialyzed extracts. These 
observations of fresh extracts and on a ex- 
tracts in the 
been repeatedly confirmed. 
The requirement of the tissue extracts for the 


| ts have 
or ee of salt in order to desaminate and to de- 
| 


resence and absence of sa 


phosphorylate desoxyribosenucleate (as contrasted 
with the apparent dispensability of salts in the 
desamination and dephosphorylation of ribosenu- 
cleate) can apparently be satisfied to an equal ex- 
tent by a wide variety of monovalent and divalent 
el salts. Experiments on the time course of the 
desamination of desoxyribosenucleate by dialyzed 
: rat-spleen extract showed that the rate of reaction 
was very nearly the same in the presence of 0.01M 
sodium chloride, magnesium chloride, or arginine 
monohydrochloride. 

s- | The inhibitory effect of bicarbonate and of flu- 
nd | oride on the enzymatic capacities of the tissues for 
the nucleates is also observed to a smaller extent 
in the case of the individual nucleotides. The in- 
teresting fact in regard to these particular ions in 
their relation to the enzymatic degradation of the 
nucleates is not only that they inhibit activity in 
the fresh extract but also that they fail to restore 
the activity of the dialyzed extract. 

oly | Earlier work (8) and the data in table 4 indicate 
ca- pthat dialysis of a tissue extract results in a loss in 


morn 


ot 
TESS 


the capacity of the extract to desaminate and to 
dephosphorylate desoxyribosenucleate. This ca- 
pacity can be restored by the various salts listed 
(table4). In the study on dialyzed spleen extracts 
(8), a wide range of salts, many of them not gen- 
erally encountered physiologically, possessed the 
___ | capacity of restoring to such extracts the ability to 
desaminate desoxyribosenucleate. In order to see 
-_. | whether the same salts also restore the dephos- 
zed | phorylating ability to such extracts, an investiga- 
—— |/tion similar to those described, was made. The 
P | data are given in table 5. The desamination data 
~~ are from the earlier report (8). 
m. \ It may be noted (1) that those salts effective in 
a restoring to the dialyzed extract the ability to 
desaminate desoxyribosenucleate are also effective 
__° [in restoring the dephosphorylation ability, and (2) 
— that those salts that inhibit the restoration of the 
ae desaminating capacity also inhibit the restoration 
the capacity. The data in 
er emphasize the data in table 


sue 


extract the ability to metabolize desoxyribosenu- 
cleic acid. 


TaBLe 5.—Effect of salts of various kinds on restoration 
of capacity for desaminating and dephosphorylating 
desoxyribosenucleate in dialyzed rat-spleen extract * 


Salt Ammonia N | Phosphate P 

Micrograms | Micrograms 
No salt 20 32 
Sodium fluoride 0 0 
Sodium chloride 90 150 
Sodium iodide-_.... 90 145 
88 160 
90 120 
jum glutamate 89 200 
Sodium acetate.........-. 86 180 
0 0 
Lithium chloride_. 92 190 
94 180 
90 172 
Calcium chloride_. 94 200 
82 180 
Guanidine 94 190 
Arginine hydrochloride-...................----- 92 190 


1 Digests and experimental conditions as in table 4. 
2? Value for fresh extract, 84 micrograms ammonia N. 
3 Value for fresh extract, 6 micrograms inorganic phosphate P. 


Acip-SOLUBLE PHOSPHORUS IN DIGESTS OF NUCLEATES IN 
FRESH AND DIALYZED Extracts 


The data in table 6 show (1) that under other- 
wise similar conditions the total acid-soluble phos- 
phorus formed from the nucleates in fresh extracts 
of rat spleen appears to be higher in the case of 
desoxyribosenucleate than of ribosenucleate, and 
in the case of the former substrate, higher in dia- 
lyzed, salt-containing extracts than in fresh ex- 
tracts, (2) when this total acid-soluble phosphorus 
is corrected for by the amount of inorganic phos- 
phate phosphorus present, the organically bound, 
acid-soluble phosphorus in the fresh tissue is still 
higher in the case of desoxyribosenucleate as com- 
pared with ribosenucleate, (3) in the dialyzed, 
salt-containing tissue relatively little organically 
bound, acid-soluble phosphorus is present, by far 
the greater ——— of the total acid-soluble 
phosphorus being inorganic phosphate, and (4) 
dialysis of the extract or addition of bicarbonate 
has a decidedly inhibitory effect on the formation 
of both inorganic and organically bound, acid- 
soluble phosphorus. Comparison of the last two 
columns in table 6 suggests that the organically 
bound, acid-soluble phosphorus derived from the 
nucleates is split further in the dialyzed, salt- 
containing extract into inorganic phosphate. Thus 
the considerable rise in the amount of inorganic 
phosphate in digests of dialyzed extract with des- 
oxyribosenucleate and salt is caused to a large 


ter at 4, but the former show that even nonphysiologic 
sve" ‘ions possess the ability to restore to the 
water 


20 


TaBLe 6.—Acid-soluble phosphorus formed in digests of 
nucleates in fresh and dialyzed extracts of rat spleen* 


| | Total acid-soluble | Corrected acid-sol- 
uble P 


Substrate? | Salt! 


Fresh | Dialyzed| Fresh | Dialyzed 


Ribosenu- 


cleate. | 23 20 13 
oul 40 8 70 4 
Desoxyribose- 100 170 4 10 
nucleate. 100 214 92 4 
Arginine HCL... 210 88 10 
NaHCO3........ | 15 0 12 0 


! Digests consisted of 1 cc. extract (equivalent to 166 mg. tissue) plus 1 cc. 
substrate. Extracts were dialyzed for 24 hours against distilled water at 
5° C. Salts added as 0.2 cc. ¢'0.15M stock solutions to extracts prior to mix- 
ing with substrate. Incubation period was 5 hours at 37° C. At end of 
incubation period, 1 cc. of 5 percent trichloracetic acid was added to each 
tube, the mixture centrifuged, and total P determined in supernatant. 
Results are given in terms of micrograms P. 

2 At 5 mg. per cubic centimeter water. 

3 In final concentration of 0.014M in digests. 

* Total acid-soluble P minus inorganic phosphate P. See table 4. 
extent by the splitting into inorganic phosphate 
of the acid-soluble, organically bound phosphorus 
produced from the nucleate. Not all the rise in 
inorganic phosphate level is accounted for in this 
way, and part of this rise must have its origin in 
other sources, —— in the phosphorus of the 
acid-insoluble fraction. In the absence of added 
salt, little total acid-soluble phosphorus appears in 
the dialyzed extract. The effect of added salts may 
be to activate the formation of organically bound, 
acid-soluble phosphorus from which the inorganic 
phosphate is derived. 


DESOXYRIBOSEN UCLEODEPOLYMERASE ACTIVITY 


There is an enzyme present in tissues which 
catalytically effects a reduction in the extreme 
asymmetric shape of sodium desoxyribosenucleate 
(17). The activity of this enzyme can be conveni- 
ently followed by examining over the time interval 
of incubation the changes in those physical prop- 
erties of the nucleate which are the result of 
changes in its shape. Observation of the structural 
viscosity of solutions of the nucleate in ranges of 
velocity gradients where the viscosity changes are 
notably sensitive to changes in molecular asym- 
metry affords an excellent method of following the 
activity of the responsible enzyme system. Be- 
cause the activity of the enzyme is measured by a 
physical property of the substrate which presum- 
ably is based upon a special state of molecular 
aggregation, the designation depolymerase was 
given to the enzyme, without commitment as to 
the mechanisms involved in its action or to the 
nature of the susceptible linkages within the sub- 
strate. In mixtures of tissue extracts with desoxy- 
ribosenucleate, the depolymerization of the = 
strate may be considered to be the primary step 
in its degradation. It is of some interest to see 
whether it bears any relation to subsequent desami- 
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nation and dephosphorylation reactions induce/ Figu 
by other enzyme systems in the extract. depolyn 

As noted in tables 4 and 5, dialysis of the extract, ‘lialyzec 
removes their capacity to desaminate and to deftact, b 
phosphorylate desoxyribosenucleate, but on addi tion of 
tion of certain salts to the dialyzed extract thi) #tg'n1™ 
capacity can be restored. Although numerous sali{ f 0.015 
are included among these restorative salts, sodiun} ‘° that 
bicarbonate and sodium fluoride are not (table 4)) 02S W 
In order to note the activity of the depolymeras} "10" of 
for sodium desoxyribosenucleate under these con namely, 
ditions, viscosimetric studies of various mixturep™erizat 
incubated in the viscometer were made. They an! Place, e' 


illustrated in figure 8. aot 
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RELATIVE VISCOSITY 
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Figure 8.—Relative viscosity at constant external pressu ither tl 


of 16 cm. water and at 30° C. of mixture of 3 ce. dialyzijStage in 
0.5 percent sodium desoxyribosenucleate, 3 cc, aque that the 
extract of mouse kidney (at a concentration equivale resembI: 
to 166 mg. tissue per cubic centimeter), plus 0.6 ce. | 
either water or 0.15 N salt solution. Curve 1 refers be f"© pres 
to fresh-tissue and to dialyzed tissue extract to whit’ 5 
sodium chloride, magnesium chloride, or arginine mov DESAMIN. 
hydrochloride was added. Curve 2 refers to dialyz 

tissue extract in the absence of added salt, curve 3! Earli 
dialyzed tissue extract in the presence of sodium bic al \ 
bonate. Ordinate, viscosity of mixtures relative to tli studied | 
of the extract; abscissa, period of incubation of ting ribo 
mixtures in the viscometer. Bingham-Jackson viscé epaton 
eters were employed. 
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eis _ Figure 8 shows that the progressive, enzymatic 
depolymerization of the nucleate is slowed in the 
act dialyzed extract as compared with the fresh ex- 
detract, but it apparently is not prevented. Addi- 
da tion of sodium chloride, magnesium chloride, or 
thi arginine monohydrochloride in final concentration 
| of 0.015N restores the activity of the depolymerase 
to that found in the fresh extract. Under condi- 
| tions whereby desamination and dephosphoryla- 
ras} tion of the substrate are completely prevented, 
congpitmely, in the salt-free, dialyzed extract, depoly- 
uref merization of the substrate can, nevertheless, take 
; an place, even if at a somewhat slower rate than that 
jin the fresh extract. It may be that the inert, 
nonenzymatic proteins in the deleeed extract exert 
~—|ja weak, activating effect on the depolymerase, an 
effect considerably augmented when certain inor- 
ganic or organic salts are added. It is apparently 
possible to have some depolymerase activity in the 
absence of any desamination or dephosphorylation. 
It may therefore be assumed that the substrate 
aggregates of lower asymmetry, formed as a result 
of the action of depolymerase, do not yield am- 
monia or phosphate in the absence of salt and that 
the presence of such salt is even more crucial to 
hose subsequently acting systems which produce 
rganically bound, acid-soluble phosphorus (table 
5) and perhaps to the activity of the desaminases 
and dephosphorylases than to the activity of the 
depolymerase. Bicarbonate added to the dialyzed 
tissue extracts does not restore the capacity of such 
xtract to desaminate or to dephosphorylate des- 
xyribosenucleate; and as noted in figure 8, it 
inhibits the depolymerase in the dialyzed extract. 
Sodium chloride, magnesium chloride, and ar- 
vinine monohydrochloride are effective in 
y 


restoring the full capacity of the dialyzed extract 
o depolymerize the desoxyribosenucleate (fig. 8) 
is well as in producing in such digests organically 
ound, acid-soluble phosphorus and in freeing 
ummonia and phosphate. This catholicity in effect 
vy so many diverse salts is remarkable. The fact 
hat the restorative effects of certain salts appear 
‘to be connected with so many phenomena involved 
in the metabolism of desoxyribosenucleate suggests 
ither that these effects are specific at one crucial 
tage in the early break-down of this substrate or 
‘wthat the degradation products bear some family 
‘resemblance among themselves in their reaction to 
he presence of such salts. 


DESAMINATION AND DFvilOSPHORYLATION OF THE NUCLEATES 
IN ExTRACTS OF Mouse TUMORS 


Earlier studies (3) showed that all tumors 
tudied possessed ai active capacity for desaminat- 
ng ribosenucleate, but that only the transplanted 
epatomas possessed an equally active capacity for 
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desaminating desoxyribosenucleate. Data in 
tables 3 and 7 are consistent with these findings. 


TABLE 7.—Desamination and dephosphorylation of the 
nucleates in extracts of mouse tumors * 


Substrate 
Tissue Ribosenucleate Desoxyribosenu- 
cleate 
N P N P 
Transplanted hepatoma 587___-__- 50 60 42 40 
Transplanted hepatoma 98/15. - _- 70 60 54 60 
Transplanted thymoma.-____--._- 30 84 5 3 
Transplanted sarcoma 37_-_.__-.-- 43 39 0 0 
Transplanted sarcoma. ------.--- 37 60 6 0 
Spontaneous mammary tumor-__ 46 87 12 19 


. 1 Digests composed of 1 cc. tissue extract (equivalent to 164, mg. tissue per 
cubic centimeter) — lec. 0.5 percent ribosenucleate or desoxyribosenu- 
cleate. Period of incubation was 5 hours at 37° C. Results given in terms 
of micrograms N or P. 


The tumors studied all desaminate and dephos- 
phorylate ribosenucleate to a nearly equal extent. 
The desamination and dephosphorylation of des- 
oxyribosenucleate in digests of extracts of the 
spontaneous mammary tumor and of certain trans- 
planted tumors, with the foregoing exception, are 
very low. The reason for the exceptional position 
of the hepatomas in this respect is not known at 
present. 


INORGANIC PHOSPHATE AND ACID-LABILE PHOSPHATE ESTERS 


As Lowry and Lopez (18) recently pointed out, 
the determination of inorganic phosphate by the 
Fiske-Subbarow method in digests of complex 
biologic materials is sometimes rendered ambigu- 
ous by the possibility that the high content of min- 
eral acid employed in this method may cause the 
hydrolysis of labile phosphate esters present in 
such digests. Inorganic phosphate may thus be 
formed from sugar esters and fatty esters, not 
enzymatically, but by the reagents used to deter- 
mine this product, and the results yield no true 

icture of the course of events. This possibility 
is particularly pertinent to the present series of 
studies on the enzymatic break-down of the nu- 
cleic acids, for conceivably one of the products 
formed in the course of the digestion of these 
substrates is either ribosephosphate or desoxy- 
ribosephosphate. How labile these esters may be 
to acidity present in the Fiske-Subbarow method 
(about pH 0.5) is not known. The nucleic acids 
and the free nucleotides themselves yield practi- 
cally no inorganic phosphate under these condi- 
tions. Furthermore, it might be expected that in 
the course of digestion of the nucleates with tissue 
extracts, the phosphatases present in such extracts 
could rapidly hydrolyze the intermediate esters. 
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Nevertheless, because of the possibility envis- 
aged, it was considered desirable to repeat the in- 
organic phosphate determinations on a number of 
tissue digests employing the technique proposed 
by Lowry and Lopez. This method involves the 
determination of phosphate at a pH of about 4 and 
the use of ascorbic acid instead of bisulfite as the 
reducing agent for the molybdate. 

Fresh extracts of rat kidney and dialyzed ex- 
tracts of spleen were employed for this purpose. 
The former tissue was chosen because the amount 
of phosphate which appears in digests of the nu- 
cleates is highest of all the tissues studied. The 
latter tissue was selected because in digests with 
nucleates and added salt there is an enormous in- 
crease in inorganic phosphate over that shown in 
fresh extracts (table 4). The conditions of the 
Lowry-Lopez technique were closely adhered to, 
and the tests were run in triplicate. One cubic 
centimeter of extract (equivalent to 166 mg. of 
tissue) was incubated with 1 cc. of ribosenucleate 
(0.5-percent stock solution), or with 1 cc. of des- 
oxyribosenucleate (0.5-percent stock solution), or 
with 1 cc. of water. In the case of the dialyzed 
spleen extract, 0.2 ce. of 0.15N sodium chloride 
was added to each digest. At the end of a 5-hour 
incubation period, the digests were cooled, treated 
with 1 ce. of ice-cold 5 percent trichloracetic acid, 
centrifuged, and the supernatant was treated im- 
mediately with 5 cc. of 0.1N sodium acetate. Five 
cubic centimeters of acetate buffer at pH 4.1 was 
added, and the mixture made up to 20 cc. with 
water. Two cubic centimeters of freshly prepared 
1 percent ascorbic acid was added, followed by 2 
ce. of the acid molybdate solution. Close to the 
maximum color was developed after 15 minutes. 
The replicate determinations agreed within 5 per- 
cent. ‘The data obtained were practically identi- 
cal with those obtained with the Fiske-Subbarow 
method as given in table 4. 


DISCUSSION 


The most obvious thing to note in the studies 
herein described is the fact that extracts of differ- 
ent tissues affect the desamination and dephos- 
phorylation of the nucleates to different extents. 
On the one hand there is the kidney which desami- 
nates and dephosphorylates the nucleates to a very 
large extent, and on the other hand there are pan- 
creas and muscle which do not affect these sub- 
strates to any appreciable extent. Between these 
extremes there are spleen, which desaminates con- 
siderably and dephosphorylates very little, liver, 
which both desaminates and dephosphorylates 
relatively little, and brain, which affects only 
ribosenucleate and that to a very slight extent. Yet 


even the tissues ineffective on the nucleates, e. g, 
muscle, pancreas, and brain, desaminate and de. 
phosphorylate the free nucleotides, susceptibk 
purines, and nucleosides, and nucleotide mixture 
to a relatively smaller extent than do the mor 
active tissues it is true. It may be that extracts of 
muscle, brain, etc., do not degrade the nucleates to 
particles the size of susceptible free nucleotides. 
On the whole, it appears probable that the nucleo- 
tide phosphatases and nucleotide desaminases are 
not generally active on the nucleates or their early 
degradation products and are distinct from thos 
systems responsible for the desamination and de! 
phosphorylation of the nucleates or their imme- 
diate split products. 

After dialysis, and in the presence of salts, ex- 
tracts of liver desaminate and dephosphorylate the 
nucleates more than do fresh extracts; extracts of 
spleen, pancreas, and brain dephosphorylate the 
nucleates more than do fresh extracts, while ex. 
tracts of kidney do not desaminate or dephosphory- 
late the nucleates any more than do the fresh ex- 
tracts of this tissue. The enormous increase in the 
inorganic products in digests of desoxyribosenv- 
cleate with dialyzed tissues takes place only in the 
presence of a wide variety of salts and does not oe- 
cur either in the absence of salt or in the presence of 
such salts as fluoride or bicarbonate. The reasor 
why dialysis does not increase the desamination 
and dephosphorylation of nucleates in extracts o! 
kidney or the desamination of nucleates in the 
extracts of spleen may he due to the possibility tha 
these substrates are already desaminated or de 
phosphorylated to the nearly maximum extent in 
the respective fresh tissues. Apparently whe 


in the fresh tissue the desamination proceeds to th: 
extent of 100 micrograms and the dephosphoryla- 
tion to 200-300 micrograms per 5 mg. of nucleate 
dialysis of the tissue causes no augmentation 0! 
enzymatic degradation of ribosenucleate; in th 
case of desoxyribosenucleate in the presence of ef 
fective salt, only a restoration of the degradatia 
takes place to an extent characteristic of the fres! 
tissue. In extracts of liver, where the desamine 
tion and dephosphorylation capacity is originall; 
low, and in spleen, where dephosphorylation 
initially low, it is possible by dialysis and sal 
treatment procedures to enhance the desaminati« 
and dephosphorylation above that observed in tl: 
respective fresh tissues. 

It would appear that something is remove 
from extracts of liver, spleen, brain, etc., 
dialysis. which permits the further appearance 
inorganic phosphate and ammonia and which, co 
versely, in the fresh extract inhibits in some wa 
the appearance of these products. In such tissue 
as designated, dialysis does not apparently affec 
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the desamination and dephosphorylation of simple 
nucleotides or of mixtures of nucleotides. 

There are two possible explanations as to the 
differences observed in certain tissues in the fresh 
and in the dialyzed state. One may be based upon 
the assumption that in the fresh extract of liver or 
spleen there is some inhibitor for dephosphoryla- 
tion and desamination which is removed by dialy- 
sis. The second explanation may be based upon 
the assumption that there is some acceptor for 
phosphate and for ammonia which is present in 
fresh extracts of liver or of spleen and which like- 
wise is lost on dialysis. According to the latter 
explanation, the nucieic acids or their larger split 
products but not the nucleotides may function as 
phosphate and ammonia donors. To what recipi- 


ents this phosphate may be donated is not known. | 


According to either explanation, extracts of kid- 
ney possess neither an inhibitor for dephosphoryla- 
tion nor a system capable of accepting phosphate 
from nucleic acid. 

The fact that spleen extract desaminates nucle- 
ates strongly and dephosphorylates them weakly, 
the former reaction remaining unchanged by dialy- 
sis and the latter being considerably augmented, 
suggests that in this tissue at least there is no ob- 
vious connection between the desamination and 
the dephosphorylation of the nucleic acids. 

The data in table 6 indicate that the increase 
in inorganic phosphate in the dialyzed extracts is 
at the expense of the organically bound, acid-solu- 
ble phosphorus formed in the digest of nucleic 
acid. For this purpose, in the case of desoxyribose- 
nucleate the presence of salts is required. So- 
dium chloride, magnesium chloride, and arginine 
monohydrochloride are equally effective in this 
respect, whereas sodium bicarbonate is toxic. It 
would appear as if salt were essential under these 
circumstances in order to degrade the desoxy- 
ribosenucleate into acid-soluble fractions which m 
the dialyzed but salt-treated extract break down 
further to yield inorganic phosphate. 

Bicarbonate does not inhibit the dephosphoryla- 
tion of either ribosenucleate or desoxyribosenucle- 
ate in fresh extracts of kidney, or the dephos- 
phorylation of ribosenucleate in dialyzed kidney 
extract. It does not restore the dephosphorylation 
of desoxyribosenucleate in the dialyzed extract of 
kidney. If there were an inhibitor for dephos- 
phorylation of nucleates in fresh extracts of other 
tissues, it would be difficult to believe that it could 
be solely bicarbonate. 

The fact that the amount of phosphate phos- 
phorus is higher in dialyzed extracts of liver and of 
_— indicates that the enzymes responsible for 
the degradation of the nucleates in these tissues are 
not necessarily weaker than those in the kidney, 


but simply that conditions in the fresh extracts of 
the two former tissues are such that except by di- 
alysis the full potentiality for the break-down of 
the nucleates in such tissues is not realized. 
Whether such conditions in the fresh tissue consist 
of the presence of an inhibitory, interfering sys- 
tem or of an accepting system for phosphate cannot 
be definitely answered at the present time. Fur- 
ther research is needed to elucidate this point. 

The comparison in rates of desamination and 
dephosphorylation of individual nucleotides, of 
nucleotide mixtures, and of the nucleates, each 
group at equivalent concentration (table 2), sug- 
gests that the lowered values in the case of the 
mixture of nucleotides as compared with the sum- 
mation of the individual nucleotides are the result 
of competitive inhibition in digests involving the 
nucleotide mixture. The ribosenucleate incubated 
in fresh tissue extracts yields ammonia and phos- 
phate in even lower amount than does the nucleo- 
tide mixture, but the values found in nucleate di- 
gests with dialyzed tissues approximate those 
noted for the nucleotide mixture. In more concen- 
trated tissue extracts of kidney and spleen, the de- 
phosphorylation of ribosenucleate and of the nu- 
cleotide mixtures is very nearly the same. The di- 
alyzed extracts of liver, kidney, and spleen ribose- 
nucleate act as if they were a mixture of four 
ribosenucleotides in equivalent proportions. There 
is no difference in desamination and dephosphory]- 
ation of the ribosenucleotide mixture in fresh or in 
dialyzed extracts, but there is in the case of the 
ribosenucleate. Whatever interferes in the fresh 
extract with the desamination and dephosphory]- 
ation of ribosenucleate must act upon the latter in a 
stage higher than that of the mononucleotide. 

The very considerable differences in conditions 
necessary to derive ammonia and phosphate from 
desoxyribosenucleate as compared with ribosenu- 
cleate are shown by the data in tables 4and6. The 
wide variety of salts effective in the degradation of 
desoxyribosenucleate is particularly impressive 
and as contrasted with ribosenucleate offers the 
possibility of regulating the metabolism of the 
desoxyribosenucleate by regulating the salt level. 
There is apparently little specificity among the 
effective salts, monovalent metal cations being as 
effective as monovalent organic cations and di- 
valent metal cations. The ions need not even be 
commonly physiologic, for as earlier shown ( (8) 
and table 5) such ions as lithium, cesium, rubid- 
jum, strontium, and barium were as active as so- 
dium, magnesium, or calcium, while sodium glu- 
tamate was as active as arginine hydrochloride. 
The fact that the desamination and dephosphoryla- 
tion of desoxyribosenucleate is strongly influenced 
also by the concentration of the extract (table 3) 
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suggests that the nonenzymatic proteins of the 
extract may also exert an activating influence on 
the metabolism of this substrate. The dialyzed 
tissue extract is still capable of desaminating and 
dephosphorylating ribosenucleate but loses the 
capacity to affect desoxyribosenucleate. The ca- 
pacity to restore, and in some tissues to exceed the 
normal level of desaminating and dephosphorylat- 
ing desoxyribosenucleate can be effected by the 
wide variety of salts mentioned. It seems prob- 
able, therefore, that although desamination and 
dlephosphorylation may not be directly related in 
the fresh extract, they may be indirectly related by 
virtue of being mutually dependent upon a com- 
mon state of the desoxyribosenucleate arrived at in 
the presence of effective salt. Furthermore, the 
fact that the same wide range of salts, some physio- 
logic and some nonphysiologic, some inorganic and 
others organic, can restore to the dialyzed extract 
the capacities for both desaminating and dephos- 
phorylating desoxyribosenucleate, and the further 
fact that the same salts (fluoride, bicarbonate) do 
not restore the capacity for either desaminating or 
dephosphorylating suggests that the salt effect is 
concerned with the activation of the enzymatic 
degradation of the nucleate to a form that can be 
both desaminated and dephosphorylated. The 
possibility must be envisaged that the appearance 
of ammonia and inorganic phosphate in the digests 
described may be secondary to that enzymatic 
degradation of the nucleates for which any one of 
an extensive variety of salts is required. It is 
(lifficult to see how or why so many diverse salts 
affect in equal manner such different processes as 
desamination and dephosphorylation. Neverthe- 
less, the problem at what precise point or points in 
the enzymatic break-down of desoxyribosenucleate 
the need for salts occurs remains for future inves- 
tigation. 

The inhibitory effect of the bicarbonate and of 
the fluoride ions is difficult to understand, for these 
ions not only are inhibitory in the fresh extract but 
also are nonrestorative in the dialyzed extract. It 
is possible that they either participate in com- 
peting reactions or lack the necessary dimensions 
to combine effectively with the specific enzyme 
protein in order to activate it. 

Fresh extracts of the various tissues show very 
decided differences among themselves in their ca- 
pacity to desaminate and dephosphorylate the two 
types of nucleates, kidney being by far the most 
active. Since in the dialyzed extracts of liver and 
spleen, the amount of phosphate observed tends to 
increase and approach the value noted in the kid- 
ney extracts, it would appear that the differences 
between such tissues as liver, spleen, and kidney 
tend to diminish when the extracts of such tissues 


are dialyzed and then treated with effective salts 
(table 4). This observation is remindful of that 
made by Chalkley and Greenstein (79) in the de- 
termination of the decolorization rates of methy- 
lene blue in fresh and dialyzed extracts of liver 
and of hepatoma. The rates of decolorization of 
the dye in the presence of nucleates were found 
to be different in fresh extracts of the two tissues 
but were nearly the same in dialyzed extracts of 
these tissues. It might appear that the differ- 
ences in nucleic acid metabolism noted in fresh 
extracts of various tissues are due for the most 
part to dialyzable components in these tissues, 
and that when such components are removed by 
dialysis, the activity values for the various tissues 
tend to approach each other. These findings em- 
phasize the fact that when one measures enzymatic 
activity in a fresh-tissue extract or homogenate, 
what is being measured is not necessarily the true 
activity or the concentration of the enzyme but 
the net effect of all conditions present in the mate- 
rial being studied. The limiting factor under 
these poe. Serer may not be the enzyme itself, and 
the result of measuring certain products of the 
reaction may be simply to yield a reflection of 
concomitant and sometimes competing reactions 
and thus no exact picture of the primary reaction. 

In fresh-tissue extracts, the desamination and 
dephosphorylation of ribosenucleate invariably 
exceeded that of desoxyribosenucleate. In dia- 
lyzed extracts of liver and of spleen and in the pres- 
ence of effective salts, the level of dephosphoryla- 
tion of desoxyribosenucleate exceeded that of 
ribosenucleate. 

The data in the present paper confirm and ex- 
tend those reported by Greenstein and Chalkley 
(8) which were numerically listed in the Intro- 
duction. Three corrections of other statements in 
the former report (8) are, however, necessary. 
Greenstein and Chalkley stated that the extra 
phosphorus noted in digests of ribosenucleate with 
dialyzed spleen extract was not inorganic phos- 
phate. This statement was due to a technical error 
involving the failure to use sufficient mineral acid 
in the Fiske-Subbarow method for phosphorus. 
As noted in the present paper, this extra phos- 
phorus is indeed inorganic phosphate. Another 
statement made in the earlier report and for the 
same reason was to the effect that no inorganic 
phosphate appeared in digests of fresh-spleen ex- 
tract with both types of nucleate. In table 4 of 
the present paper, the amount of free inorganic 
phosphate that appears under these conditions is 
very small, but with careful methods of analysis 
it can be detected. The third statement that needs 
revision was mentioned in the Introduction and 
was concerned with the failure to observe more 
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than negligible amounts of nitrogen and phos- 
phorus which dialyzed through a cellophane bag 
following a 4-hour incubation of fresh-spleen ex- 
tract with each type of nucleate. Just prior to 
placing the digest in the cellophane bag, it was 
heated in a boiling water bath for 10 minutes and 
then cooled. This procedure was recently re- 
peated, and the results obtained were identical 
with those reported earlier. As stated previously, 
the observation was also recently made that the 
dialyzate of the digests with nucleate contained 
considerable sugar over that furnished by the con- 
trols. It seems very probable, therefore, that the 
statement by Greenstein and Chalkley that the 
nucleates are not split to fragments sufficiently 
small to pass through a cellophane membrane is 


incorrect, and that the failure to note appreciable . 


amounts of dialyzable organic nitrogen and phos- 
phorus under the conditions used was due to ad- 
sorption and combination of such fragments on 
the surface of the denatured proteins in the pre- 
viously heated digest. Under the conditions of 
the experiment, the proteins of the extract were 
denatured by heat in the presence of the digested 
nucleate. That there is a distinct reaction between 
protein and nucleic acid at elevated temperatures 
was pointed out by Greenstein and Chalkley (8) 
and has since been studied by Carter and Green- 
stein (20). Some such explanation may also be 
applied to the results obtained by Schmidt and 
Levene (21), who noted no dialyzable organic 
yhosphorus in digests of ribosenucleate with 
ieated pancreatic extract. and we are in substan- 
tial agreement with the interpretation that Loring 
22) placed on the results of these authors. 

There seems to be little doubt that during the 
course of the digestion of either type of nucleate 
in tissue extracts degradation of the nucleate takes 
place which leads to fragments sufficiently small 
to pass through a cellophane membrane (less than 
10,000 in molecular weight based on a spherical 
molecule). At what stage in the fragmentation 
desamination and dephosphorylation begin is not 
yet known. From the data in the present paper, 
it seems probable that the enzymes concerned with 
the desamination and dephosphorylation of the 
nucleotides may not be the same as those concerned 
with the production of ammonia and inorganic 
phosphate from the nucleic acids or presumably 
their higher split products. An analogy may be 
drawn from the metabolism of proteins in which a 
complex of proteases and peptidases is concerned, 
each enzyme acting in a specific manner upon the 
substrates of different size and configuration. An 
entire range of polypeptides of different sizes can 
apparently be attacked by such a complex proteo- 
lytic system as crude trypsin, and the designation 


of such terms as “aminopetidase” and “carboxy- 
peptidase” refers not to the size of the polypeptide 
substrate but only to the point of attack by the 
enzyme. The rate-limiting factor in the break- 
down of protein by the crude proteolytic system 
would be the activity of the primary protease 
reaction, but this in turn would be influenced by 
the rate at which the products of the reaction were 
removed, Without belaboring the analogy un- 
duly, it may be hypothesized that some similar 
complex mechanism is operative in the case of the 
enzymatic degradation of the nucleic acids, frag- 
mentation, desamination, and dephosphorylation 
taking place alternately and concurrently as the 
digestion proceeds. 
he greater capacity of extracts of transplanted 
mouse hepatoma to desaminate and to dephos- 
phorylate the nucleates as compared with normal 
liver is consistent with earlier findings (6) and 
with observations of Brues, Tracy, and Cohen 
(23) on the increased rate of phosphate turn-over 
in the transplanted hepatoma. In view of the 
present findings, it is not known whether this dif- 
ference between transplanted hepatoma and liver 
is actually due to a higher enzyme concentration 
in the former or whether the hepatoma is lacking 
in the inhibitory or phosphate-accepting system 
possibly present in extracts of normal liver. The 
values of ammonia and phosphate which appear in 
nucleate digests with Jialyzed liver tend to ap- 
proach those found in comparable digests with 
fresh hepatoma extracts. The equal values of the 
primary hepatoma and normal rat liver are not 
surprising in the light of analogous findings (15, 
16). Although in adult liver ribosenucleate and 
desoxyribosenucleate are dephosphorylated at 
nearly equal rates, the former is dephosphorylated 
to a much greater extent than the latter in fetal 
liver. It must be pointed out that the transplanted 
hepatoma occupies an exceptional position in re- 
spect to the phenomena studied, for other tumors 
esaminate and dephosphorylate desoxyribosenu- 
cleate very little. 

The maximum inorganic phosphate split from 
ribosenucleate in extracts of rat kidney amounts 
to 60-80 percent of the total nucleate phosphate. 
The ammonia split under the same conditions in 
extracts of rat kidney or spleen amounts to 60-70 
percent of the total amino nitrogen in the ribose- 
nucleate, and in extracts of mouse kidney to 90 
percent of the total amino nitrogen (figs. 24). 
The difference in desamination in extracts of rat or 
mouse kidney must be due to the capacity of the 
latter tissue to desaminate the cytidylic acid 
moiety. It would seem probable that extracts of 
rat kidney and spleen desaminate only the adenylic 
acid and guanylic acid moieties while those of 
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mouse kidney desaminate the moieties of all three 
aminated nucleotides. Mouse-kidney extracts ap- 
parently effect close to the maximum desamina- 
tion and dephosphorylation of ribosenucleate (fig. 
3). The relatively close concordance of the Fiske- 
Subbarow and Lowry-Lopez methods of phosphate 
estimation suggests that the greater part at least 
of the inorganic phosphate measured in the digests 
with nucleates actually represents phosphate split 
from the substrates enzymatically and not an ar- 
tificial product that is the result of hydrolysis of 
acid-labile phosphate esters by the reagents used 
in the former determination. 


SUMMARY 


The time course was studied of the appearance 
of ammonia nitrogen and inorganic phosphate in 
digests of ribosenucleate and of desoxyribosenucle- 
ate, of purines, pyrimidines, nucleosides, and nu- 
cleotides with fresh and with dialyzed extracts of 
various animal tissues. 

Adenylic acid, guanylic acid, cytidylic acid, and 
uridylic acid were dephosphorylated, and adenylic 
and guanylic acids desaminated by most tissues. 
Cytidylic acid and cytidine were desaminated to an 
appreciable extent only by extracts of mouse kid- 
ney. Ribosenucleate in fresh extracts was gen- 
erally desaminated and dephosphorylated to a 
lesser extent than were equimolecular mixtures of 
the four ribosenucleotides, which in turn yielded 
less ammonia and phosphate than the sum of the 
nucleotides taken separately. At higher concen- 
trations of tissue extracts, or when dialyzed, cer- 
tain tissues dephosphorylated ribosenucleate to the 
same extent as did the nucleotide mixture. 

Fresh extracts of kidney desaminated and de- 
phosphorylated the nucleates extensively ; those of 
spleen desaminated actively but dephosphorylated 
weakly; those of liver desaminated and dephos- 
phorylated to only a small extent; while those of 
brain, pancreas, and muscle were extremely weak. 
With. dialyzed extracts of tissues, however, and 
with the use of ribosenucleate as substrate, there 
was an increased amount of ammonia and phos- 
phate which appeared with liver, an increased 
amount of phosphate with spleen, pancreas, brain, 
and muscle, and no increase in either product with 
kidney. Under these salt-free conditions and with 
desoxyribosenucleate as substrate, no desamination 
or dephosphorylation occurred. When salts were 
added to the digests of desoxyribosenucleate with 
dialyzed tissue extracts, there was a considerable 
increase in the ammonia and phosphate in the 
foregoing tissues above that noted with fresh ex- 
tracts. 


Nucleotides incubated with dialyzed extracts did 
not show an augmentation in desamination or de- 
phosphorylation and yielded the same amount of 
ammonia and phosphate within the same period 
of time as in the case of fresh extracts. The lower 
values of phosphate and ammonia found in fresh 
as contrasted with certain dialyzed extracts is ten- 
tatively interpreted on the basis of the presence in 
the fresh extract of either an inhibitor or phos- 
phate- and ammonia-accepting systems. Accord- 
ing to the latter interpretation, only nucleic acid 
or its higher degradation products, and not the 
simple nucleotides, could serve as phosphate do- 
nors. Whatever the interpretation may be, the 
influence restricting the appearing of ammonia or 
phosphate in digests of ribosenucleate in fresh ex- 
tracts must be operative at a stage higher than 
that of a mononucleotide. Determination of in- 
organic phosphate by the Lowry-Lopez method 
gave results identical with those noted by the 
Fiske-Subbarow method. 

For the restoration of the capacity of dialyzed 
tissue extracts to desaminate and dephosphorylate 
desoxyribosenucleate, any one of a wide variety 
of monovalent or divalent salts was necessary. 
Such salts could be organic or inorganic. Bicar- 
bonate and fluoride not only were inhibitory in 
the fresh extract but also were nonrestorative in 
the dialyzed extracts. The same salts activated 
both desamination and dephosphorylation while 
other salts inhibited both. The two processes were 
affected similarly. The desamination and de- 
phosphorylation of ribosenucleate under these 
conditions were apparently independent of the 
presence of salt. The difference in metabolism of 
ribosenucleate and desoxyribosenucleate might be 
further illustrated by progressive dilution of the 
extract, the activity falling off much more rapidly 
in the case of the latter. This effect was not caused 
by decrease in salt concentration and suggested 
that at high extract concentrations the nonenzym- 
atic proteins of the extract can activate the enzyme 
system acting on the desoxyribosenucleate. 

Digestion of nucleates in fresh extracts of spleen 

vielded organically bound, acid-soluble phos- 
a in addition to inorganic phosphate. Dia- 
yzed extracts of spleen contained increased 
amounts of inorganic phosphate and decreased 
amounts of organicaily bound, acid-soluble phos- 
phorus, and it is suggested that under these con- 
ditions the former was produced at the expense 
of the latter. 

The depolymerase activity of fresh and dia- 
lyzed mouse-kidney extract for desoxyribosenu- 
cleate was determined in the presence and the ab- 
sence of added salt. The activity was diminished 
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restored to normal level by the addition of sodium 
chloride, magnesium chloride, or arginine mono- 
hydrochloride. Bicarbonate not only was nonre- 
storative but also further inhibited activity in the 
dialyzed extract. 

Transplanted hepatomas desaminated and de- 
phosphorylated the nucleates to a much greater 
extent than did extracts of normal liver, whereas 
the reverse was true of fetal liver. Ribosenu- 
cleate and desoxyribosenucleate were dephos- 
phorylated to a nearly equal extent in extracts of 
normal liver, but in fetal liver the former was 
dephosphorylated to a considerably greater ex- 
tent than was the latter. In concentrated tissue 
extracts, the dephosphorylation of ribosenucleate 
was greater in fetal-liver extract than in adult- 


liver extract. In extracts of other tumors studied, 
desoxyribosenucleate was attacked to only a very 
small extent whereas ribosenucleate was readily 
attacked. ‘The hepatomas appeared to be excep- 
tional in this respect. 

The metabolism of the nucleic acids in tissue 
extracts is discussed. Most of the experimental 
findings on spleen extracts, reported in an earlier 
paper by Greenstein and Chalkley, were confirmed, 
but certain concepts advanced by these authors 
were revised in the light of more recent observa- 
tions. It is suggested at present that the meta- 
bolism of the nucleates digested with tissue ex- 
tracts is a complex process involving alternate 
and concurrent fragmentation into smaller par- 
ticles, desamination, and dephosphorylation. 
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STUDIES ON THE ENZYMATIC DEGRADATION OF NUCLEIC ACIDS 


By CHARLES FE, Carter, assistant surgeon, and JESSE P. GREENSTEIN, principal biochemist, National Cancer Institute, 
National Institute of Health, United States Public Health Service 


INTRODUCTION 


The pattern for the catabolism of nucleic acids is 
generally considered to involve the enzymatic 
degradation of these high-molecular-weight com- 
pounds, with liberation of smaller components 
which are substrates for enzymes attacking phos- 
phate esters, the ribosidic linkages, and the sub- 
stituent amino groups of purines and pyrimidines 
whether free or in glycosidic linkage (7). Thus 
during nucleic acid degradation by tissue enzymes 
there appear ammonia, inorganic phosphate, pen- 
tose, and nitrogenous bases either free or in low- 
sebeeiine-aakiee combination. A wide range of 
enzymatic reactions is encompassed within this 
scheme, and few data are available pertaining to 
the relationships among the various reactions. 

In this paper are reported the results of investi- 
gations upon the degradation of highly poly- 
merized nucleic acids into low-particle-size com- 
ponents by purified enzymes and tissue extracts, 
and the relation that this process bears to the 
appearance of ammonia and inorganic phosphate 
in the catabolism of nucleic acids is described. 

By virtue of the large particle size of polymer- 
ized nucleic acids, these compounds are nondialyz- 
able, but during the course of enzymatic degrada- 
tion dialyzable components are formed. It is thus 
possible to correlate the break-down of intact 
nucleates with the appearance of ammonia and free 
phosphate in dialyzates of digests of nucleic acids 
with tissue extracts. Earlier work by Greenstein 
and Chalkley (2) indicated that nucleic acids are 
desaminated in tissue extracts without formin 
dialyzable products. A repetition of these experi- 
ments showed that although in the techniques em- 
ployed increments of total nitrogen and phos- 
phorus did not appear in dialyzates, pentoses could 
be found in concentrations comparable with the 
amounts of nitrogen and phosphorus that should 
appear in theory. The failure of nitrogen and 
phosphorus to appear in the dialyzates has been 
attributed to the adsorption of purine and pyrim- 
idine components on the coagulum of denatured 
protein obtained by heating the extract solution 
containing nucleates prior to dialysis. Schmidt 
and Levene (3) reported that nucleate digests with 
eancreatin did not result in the formation of di- 
«.yzable products, and Loring (4) attributed this 
to adsorption of products on the large amounts of 
denatured protein present. In order to study the 
formation of dialyzable components from nucleic 


acid digests with tissue extracts, it is necessary to 
avoid denaturing the tissue proteins prior to or 
during dialysis. The methods described herein 
meet this requirement and suggest similar ap- 
proaches to the study of other nondialyzable sub- 
strates, such as proteins and polysaccharides, 
which are enzymatically degraded into smaller 
components. 


MATERIALS AND METHODS 


The substrates used in these experiments were 
the sodium salts of ribosenucleic acid isolated from 
yeast and of desoxyribosenucleic acid isolated from 
calf thymus by the Hammarsten procedure (5). 
Various yeast nucleic acid preparations studied by 
Gulland (6) were found to have molecular weights 
ranging from 5,000 to 28,000. The preparation 
used in these experiments did not dialyze through 
cellophane and may therefore be assumed to have a 
molecular weight of over 10,000. Desoxyribose- 
nucleic acid prepared from calf thymus by the 
Hammarsten method is characterized by a high de- 
gree of polymerization and a molecular weight of 
about 1,000,000. 

The nondialyzable nucleates were incubated with 
tissue extracts within cellophane bags, and the con- 
centration of nitrogen, phosphorus, ammonia, and 
pentose was measured in the dialyzate. Fifty- 
cubic-centimeter centrifuge tubes were used, and it 
was found satisfactory to employ outside volumes 
of 20 cc. and volumes within the bag of 5 ce. Di- 
alysis occurred during incubation. 

xperiments were of two types, one employing 
relatively high concentrations of tissue extracts and 
nucleates (usually about 200-400 mg. extractable 
nitrogen per 5 mg. of nucleate), and the other in 
which extracts and nucleates were studied at ap- 
proximately one-fifth to one-tenth the foregoing 
concentrations. In the latter, ultraviolet spectro- 
photometric measurements (Beckman spectropho- 
tometer) were applied to the determination of total 
purine plus pyrimidine in the dialyzates. The 
method 1s discussed later. 

It was found necessary to add salts to the dialy- 
zate systems in order to obtain optimal degradation 
of nucleic acids, the concentrations required vary- 
ing with the amount of substrate and tissue extract 
employed. Salts were added to the outside volume 
of distilled water to the desired concentration. A 
small cellophane bag, which had previously been 
tested for leaks, was inserted in the solution and 
to this were added nucleate and extract. The tubes 
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were placed in an incubator at 37° C. and removed 
at varying intervals. Following incubation, the 
cellophane bags were withdrawn and discarded, 
and analyses were run on the dialyzates. Values 
were calculated as increments over blanks and cor- 
rected for total volume of system. 

Purines were determined by the copper sulfate- 
sodium bisulfite precipitation described by Kerr 
(7), and phosphorus, total nitrogen, and ammonia 
were determined by standard procedures. Desoxy- 
pentose was determined by the Dische diphenyl- 
amine reaction (8), and ribose by an adaptation of 
the furfural method, described by Davidson and 
Waymouth (9). Hitchings (10) described a 
method for determining guanine and xanthine 
based on the reduction of the phenol reagent by 
these compounds, and this method was employed to 
a limited extent. 

Consideration of diffusion factors and Donann 
equilibria have been ignored in the calculations, 
for the errors — in the determinations men- 
tioned are probably of a magnitude which make 
such considerations unwarranted. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Table 1 is a summary of typical experiments 
with tissue extracts prepared from livers and 
spleens of freshly killed rats. The ——- was 
as follows: The organs were removed, ground with 
sand, and extracted with three volumes of water, 
followed by light centrifugation. Two cubic cen- 
timeters of spleen extract or four cubic centimeters 
of liver extract was added to 10 mg. of nucleate in 
solution of distilled water to make a total volume 


Tante 1.—Concentration of dialyzable components from 
nucleic acid digests 


Dialyzable products formed ? 
a 2 O 
‘Tissue extract Nucleate ! 3 28 
a = n 
SiS ia 
Mo.| Mg.| Mg.| Mg.| Mg.| Mg 
Ribosenucleic acid_|1.04 |0.16 |0.314)0.90 |0.53 [1.5 |----- 
Spleen.......- Desoxyribosenu- |1.12 | .17 | . 291) .93 | .46 2.3 
cleic acid. 
Ribo lei id_|1.14 | .10 | . 285) .73 | .60 
{Desoxyribosenu: 1.14 | .12 | .303] .65 | .56 |..... 2.6 
Ribosenucleie acid. [1.25 | .12 92 | .58 |2.82 
ibosenucleic | 58 |2.82 |..... 
|Desoxsriborenu- -92 | .60 2.15 
Ribosenuciel id_|1.12 | .10 60 2.6 
1 12 | .10 1.9 
cleic acid. 


110 mg. of nucleate used for each digest. 

2 Data were calculated on the basis of total volume of system (25 cc.). In 
theory, 10 mg. of nucleic acid should yield 1.5 mg. nitrogen, 0.9 mg. phos- 
phorus, 4.3-4.6 mg. pentose, 0.3 mg. ammonia, and approximately 0.85 mg. 
desaminated purines. 


inside dialysis bag of 5 cc. The outside volume 
was 20 cc. Under these conditions, it was found 
necessary to add salts to the system to obtain opti- 
mal degradation of desoxyribosenucleic acid. So- 
dium and magnesium salts were compared and 
found equally effective over a concentration range 
of 0.001M to 0.006M. Ribosenucleic acid ina 
olism was apparently independent of salt concen- 
tration under the conditions of these experiments. 
However, these findings hold only for the condi- 
tions given. In more dilute systems, the nature 
and concentration of the salts profoundly influence 
the metabolism of both ribosenucleic and desoxy- 
ribosenucleic acids. 

These data show that with the appearance of 
ammonia in digests of nucleic acids with tissue ex- 
tracts, there are formed dialyzable nitrogen and 
phosphorus compounds and equivalent amounts of 
pentose. It is also apparent that of the total amino 
nitrogen available (300 micrograms per 10 mg. of 
nucleate) only about two-thirds appears as am- 
monia nitrogen. This finding is in agreement with 
those of Greenstein and Chalkley (2) and is a con- 
sequence of the inability of rat tissues to desami- 
nate cytidylic acid (77). 


In table 2 the concentration of various compo- ° 


nents in the dialyzate are recorded for increasing 
periods of incubation of yeast nucleic acid and thy- 
mus nucleic acid with aqueous extracts of liver. 


TaBLe 2.—Relation of incubation period to concentration 
of dialyzable products in digests of nucleates with rat- 
liver ertract 


Dialyzable products 
Incuba- 
tion > 
Nucleate 
period Am- 
(in hours) monis Ribose 
Mo. Moa. Mg. Moa. Mo. 
Ribosenucleic acid___| 0.44 | 0.03 | Trace 0. 20 
acid. 
acid. 
Ribosenucleic acid -10 48 
acid. 


110 mg. ribosenucleic acid or desoxyribosenucleic acid used in each digest. 


Liver from freshly killed rats was extracted 
with three volumes of water; 4 cc. of the extract 
was added to 2 cc. of a 0.5-percent solution of 
nucleates within a cellophane bag. Sodium chlo- 
ride was added outside the bag to a concentration 
of 0.01 N. The volume outside the bag was 20 ce. 
The data in table 2 were calculated on the basis of 
the total volume (26 cc.). 

The formation of ammonia did not precede the 
appearance of other products and increased in ap- 


low ¢ 
quant 
overce 
extrac 
troge1 
tion o 
grams 
of am 
was g 
Sey 
in the 
lyzabl 
there s 
hitrog 
rine nj 
hitrog 
less, oy 
as suc 


pro 
phe 
ear’ 
less 
inci 
able 
live) 
thre 
perc 
indi 
ume 
cula 
chlo 
cent 
4 ho 
Volum 
of extre 
extr 
centi- 
meters 
justea 
Ag 
| 


y 
> 


ENZYMATIC DEGRADATION OF NUCLEIC ACIDS $1 


proximately constant proportion to nitrogen and 
phosphorus on continued incubation. During 
early periods of incubation, thymus nucleate was 
enzymatically degraded to an extent considerably 
less than that of yeast nucleate, although on longer 
incubation practically identical values for dialyz- 
able nitrogen and phosphorus were obtained. 

The effect of increasing concentrations of tissue 
extract (rat liver) upon constant quantities of 
nucleates is shown in table 3. In this experiment, 
livers from freshly killed rats were extracted with 
three volumes of water and added to 2 ce. of a 0.5- 
percent solution of nucleates in cellophane bags as 
indicated in the first column of table 3. The vol- 
ume outside the bag was 20 cc.; the data were cal- 
culated on the basis of total volume. Sodium 


chloride was added to the outside volume to a con- . 


centration of 0.01N. The incubation period was 
4 hours. 


TABLE 3.—Effect of concentration of tissue extract on for- 
mation of dialyzable products 


Dialyzable products formed 
Volume 
of extract 
Nucleate! To- To-|Inor-| | Des- 
tal tal | ganic Oxy- 
meters) N a ribose 
Mo.| Mg. | Mg.| Mo. | Mg. | Mo. 
1 acid. ..-.--|0.62 | 0.08 |0.37 | 0.13 | 0.82 
Desoxyribosenucleic acid.-_| .14 | .04| .12] .06 1.35 
Desoxyribosenucleic acid../1.00 | .05 | .32] .19 |--...-| 1.63 
3 acid_.......| .99 | .45] 1.8 |...... 
Desoxyribosenucleic acid..| .99 | .09 .45] 1.82 
4 1.25) .11 | 1.8 |--.-.- 
Desoxyribosenucleic acid..|1.17 | .12| .92] .35 |-..-..| 2.15 


110 mg. of ribosenucleic acid or of desoxyribosenucleic acid in digest ad- 
justed to constant volume 6 cc. by addition of water. 


Again the difference in metabolism of ribosenu- 
cleic acid and desoxyribosenucleic acid is seen at 
low concentrations of tissue extract, but as the 
quantity of extract increased, this difference was 
overcome. Although increasing concentrations of 
extract produced increases in total dialyzable ni- 
trogen, there was at no point complete desamina- 
tion of total available amino groups (300 micro- 
grams of ammonia per 10 mg. nucleate) The ratio 
of ammonia nitrogen to total dialyzable nitrogen 
was greater at lower extract concentrations. 

_ Several problems arose from the data presented 
in the preceding tables. If the purines in the dia- 
vonage components were desaminated completely, 
there should be a ratio of purine nitrogen to total 
nitrogen of about 1: 1.8. Vusleus analyses for pu- 
rine nitrogen in the dialyzate yielded ratios to total 
nitrogen of about half this value. It is, neverthe- 
less, open to question whether desaminated purines 
as such are present in the dialyzate, for in the 


presence of xanthine oxidase of liver and spleen it 
would be expected that uric acid would be formed. 
Analyses for uric acid by the Folin reagent showed 
no increments of this substance. It would be in- 
teresting to assay the dialyzates for substrates upon 
which purified xanthine oxidase and uricase could 
act. 
Determination of xanthine (or guanine which 
ives equivalent values) by the method of Hitch- 
ings (10) using the Folin phenol reagent is specific 
among naturally occurring purines and pyrimi- 
dines and yields amounts of chromogenic material 
which, expressed as xanthine, correspond to the 
theoretical xanthine to total nitrogen ratio of 0.7. 
The intensity of this color is diminished but not 
absent in solutions of equivalent concentrations of 
guanosine while intact nucleates produced virtu- 
ally no color. However, in tissue extracts there is 
a variety of chromogenic material, and for this rea- 
son the reaction has been used only to a limited ex- 
tent. It is possible to follow the development of 
chromogenic material in nucleic acid digests by 
simple procedures. A comparison of normal rat 
liver and hepatoma 31 based on the application of 
this method to trichloracetic acid filtrates of ex- 
tract-nucleate digests is shown in table 4. The ex- 
tract was prepared by grinding rat liver with sand 
and extracting with six volumes of water, followed 
by light centrifugation. Because of lack of speci- 
ficity of the method, phenol was used as a standard, 
and quantities of reacting material were expressed 
as reciprocals of colorimeter readings. In these 
experiments, 1 cc. of tissue extract was incubated 
with 1 cc. of 0.5 percent nucleate, or, in the case 
of blanks, with 1 cc. water. At the end of the 
incubation period, 5 cc. of 5 percent trichloracetic 
acid was added, and after centrifugation aliquots 
of supernatant were assayed. For the determina- 
tion of “phenol color,” to 1 cc. of trichloracetie su- 
pernatant were added 3 cc. of phenol reagent and 


TABLE 4.—Development of chromogenic material’ for phe- 
nol reagent in digests of tissue extracts with nucleates 


Normal rat liver Hepatoma 31 
Incubation Extract Extract 
| pl | pl 
(in hours) | Extract? | ribose- Extract? | ribose- 
nucleic nucleic | Fucleic 
acid 2 acid 2 acid 2 

2.5 2.6 24 2.6 2.5 
| ee 2.2 3.2 3.3 2.5 4.2 3.1 
EEE 2.4 3.6 3.5 2.5 5.4 3.3 
| Seen 241.» 4.2 4.1 2.4 5.8 3.2 
Diecussunans 2.4 4.8 4.9 2.5 6.8 3.2 
| SSE 2.4 5.2 5.1 2.5 6.8 3.2 


1 Units in arbitrary terms, see text. 
21 cc. of 0.5-percent nucleate solution. 
3 Hepatoma freed of necrotic tissue, then treated as normal liver. 
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5 ee. of 20 percent sodium bicarbonate. The color 
that developed was read against a phenol standard 
containing 2 micrograms of phenol per cubic centi- 
meter. 

Tt js apparent that the metabolism of desoxyri- 
bosenucleic acid in hepatoma 31 differs strikingly 
from that of the normal liver in failing to develop 
chromogenic material, presumably xanthine or 
guanine whereas for hemmintiele acid, digests 
with the tumor produce more chromogenic ma- 
terial. 

The Dische diphenylamine reaction measures 
only the desoxyribose in purine linkage or free 
desoxyribose whereas pyrimidine desoxyribosides 
fail to react. In determining desoxyribose in 
digests of nucleic acid by this method, it is neces- 
sary to know the extent of hydrolysis of the pyrimi- 
dine desoxyribosides. These data are virtually 
unobtainable with present analytical techniques. 
From our results it would appear that the pyrimi- 
dine desoxyribosides are not split, for in general 
the amount of desoxyribose approximated 50 per- 
cent of that anticipated on the basis of total di- 
alyzable nitrogen In the case of determining ri- 
bose by the furfural method, ribose esterified in the 
5’ position (12) or remaining in glycosidic linkage 
fails to yield furfural on acid treatment and there- 
fore produces no color. The method, as a 
by Davidson and Waymouth (9) was not satisfac- 
torily reproducible in our hands; but from the data 
derived from this method, it is apparent that the 
situation is somewhat analogous to the desoxy- 
ribose determinations in that only about 50 percent 
of the anticipated sugar was found. We interpret 
this as failure of hydrolysis of pyrimidine nucleo- 
sides in digests and the resistance of this linkage to 
subsequent acid hydrolysis. Rather than modify 
the acidity and period of heating to insure com- 
plete hydrolysis of all linkages, we retained the 
method as described and believe that the coinci- 
dence of results with desoxyribose determinations 
is further evidence of the resistance of pyrimidine 
nucleosides to enzymatic hydrolysis (1). Pentose 
determinations obviating the necessity of hydrolyz- 
ing the pyrimidine nucleosides are available (13, 
1). 

SPECTROPHOTOMETRIC DaTa 

Purines and pyrimidines are characterized by 
ultraviolet absorption spectra exhibiting well- 
defined maxima in the region 2400A to 2900A (15). 
Ultraviolet microscopy has been extensively used 
as an instrument for the quantitation of nucleic 
acids in cells, based on the characteristic maxima of 
these compounds at 2600A. It was found that the 
transmission of ultraviolet light through dialyzates 
of nucleic acid digests exhibited the characteristic 
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absorption of intact nucleic acid. Incubation of 
nucleic acid with tissue extracts under the condi- 
tions employed, aside from slight shifts in the 
2600A maxima to longer wavelengths (2650A- 
2690), produced no alteration in the purine or 
pyrimidine components that was reflected in the 
absorption spectra. An exception to this finding 
was noted in nucleate digests with rat-hepatoma 
extracts described later. 

Figure 1 is a comparison of the absorption spec- 
tra of a composite of nucleotides equivalent in con- 
centration to the proportion of adenylic, guanylic, 
uridylic, and cytidylic acid found in yeast nucleic 
acid, and the absorption spectra of an equivalent 
concentration of yeast nucleic acid based on total 
phosphorus content. 
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FieuRe 1.—Absorption expressed in terms of density scale 
readings on Beckman spectrophotometer. Solid line 
represents absorption of ribosenucleic acid and dotted 
line absorption of an equimolar mixture of guanylic, 
adenylic, uridylic, and cytidylic acid in equivalent con- 
centration based on total phosphorus content equal to 
that of the nucleate. 
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Similar data for thymus nucleic acid were pub- 
lished by Loofbourow (/6). From the foregoing, 
it is apparent that degradation of nucleic acid 
into nucleotides does not produce alterations in 
the absorption spectra. It was shown by Kalckar 
(17, 18) that desamination of adenylic acid pro- 
duces a slight shift of absorption maxima to 
shorter wavelengths and that more profound al- 
terations of the absorption spectra accompany 
xanthine oxidase activity. Apparently the sub- 
stances in the dialyzates are not substrates for 
xanthine oxidase (i. e., nucleosides) , or the enzyme 
is not active under the conditions employed. 

It is then possible to use the absorption of light 
at 2600A in the dialyzates as a measure of total 
dialyzable components. The latter term is used 
with no commitment as to the nature of the link- 
age involved. 

The use of ultraviolet spectrophotometric 
measurements considerably facilitates study of 
rates of appearance of dialyzable components. It 
is imperative, however, in applying this method 
that the absorption pattern for the components in 
the digest dialyzate coincides with that of the in- 
tact nucleate; otherwise, basing quantitative meas- 
urement on the extent of absorption at 2600A 
will be misleading when applied to solutions con- 
taining oxidation products of purines and pyrimi- 
dines in which the absorption pattern is altered 


(lower maxima at longer wavelengths). To illus- 
trate this point in figure 2 are contrasted the 
ultraviolet absorption spectra of dialyzates of ri- 
bosenucleate and desoxyribosenucleate which had 
been incubated with normal rat liver, with dialy- 
zates of similar digests with hepatoma 31. In 
this experiment normal rat liver and rat hepatoma 
31 were ground with sand and extracted with 30 
volumes of water, followed by light centrifuga- 
tion. Three cubic centimeters of each of these 
extracts was then added to solutions containing 
U.5 mg. of ribosenucleic and desoxyribosenucleic 
acid in cellophane bags as previously described, 
and increments in absorption at 2300A to 3000A 
in the dialyzates were measured after 4 hours’ in- 
cubation. Blanks contained distilled water in 
place of nucleates. Sodium chloride was added to 
a concentration of 0.01N in all tubes. 

The differences in absorption spectra are at- 
tributed to the increased oxidation of the purine 
and pyrimidine components in hepatoma digests 
as compared with normal liver... Greenstein and 
Chalkley (2) showed that extracts of hepatomas 
produce more ammonia on incubation with ribose- 
nucleic and desoxyribosenucleic acids than do 
extracts of normal liver. Kalckar (78) found that 
oxidation of purines by xanthine oxidase causes a 


1 This finding was not constant in all dialyzates of hepatoma 
digests. 
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Figure 2.—A, Normal rat liver; B, Rat hepatoma 31. Crosses on figure designate ultraviolet absorption in dialyzates 
of digests containing ribosenucleic acid; circles represent similar data for desoxyribosenucleic acid. Curves were 
corrected for blanks on tissue extract in absence of nucleate. 
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decrease in absorption at 2600A with compen- 
satory increase at 2900A, In view of these find- 
ings, the Caspersson data (19) relating nucleic 
acid concentration to protein synthesis based on 
the appearance of maxima around 2800A are open 
to the interpretation that such findings represent 
oxidation products of purines and not necessarily 
increased concentrations of certain amino acids. 

Results of the applicatiton of spectrophotomet- 
ric determination of total dialyzable components 
from digests of nucleates with rat tissue extracts 
are recorded in table 5. Specific extinction coefti- 
cients have not been used because of the lack of 
adequate characterization of the substrate and be- 
cause of the facility with which density scale read- 
ings on the spectrophotometer may be expressed as 
percent dialyzable components. Thus a solution 
containing 0.5 mg. nucleate in 25 cc. water gives a 
density reading on the spectrophotometer of about 
0.460, and the dialyzates of nucleate digests which 
originally contained 0.5 mg. of nucleate within 
the cellophane bag, having an absorption at 2600A 
of 0.230, would contain dialyzable components ac- 
counting for about 50 percent of the added nucle- 
ate. Less than 5 percent of either nucleate was 
spontaneously dialyzable within the period of 
incubation, 


Tasre 5.—Formation of dialyzable components from nu- 
cleate digest with tissue ertract 


| Dialyzable components of 
| nucleates formed in digests ! 


Rat-tissue extracts 


Ribosenucleic | Desoxyribose- 
aci nucleic acid 
Percent Percent 
70 50 
30 2 
Dialyzed Spleen 55 3 


4-hour incubation period. 


The experimental conditions under which the 
data of table 5 were obtained were the following: 
Rat tissues were ground with sand and extracted 
with three volumes of water followed by light cen- 
trifugation; digests consisted of 1 cc. of extract 
and 1 ce. of a 0.5-percent solution of nucleate made 
to a volume of 5 cc. within the cellophane bag of 
the dialysis set-up previously described. The out- 
side volume was 20 ce., and sodium chloride was 
added to a concentration of 0.01N. Dialyzates 
were diluted 1:10 with distilled water before 
reading. 


These data show considerable variation in the 
ability of the various tissues to degrade desoxyri- 
bosenucleic acid into dialyzable components, mus- 
cle being virtually inactive while kidney and 
spleen produce about 50 percent dialyzable com- 
ponents in a 4-hour incubation period under these 
conditions. Ribosenucleic acid is more suscepti- 
ble to degradation, and there is less variation in the 
metabolism of this material by different tissues. 
By dilution of tissue extracts it was possible to 
eliminate the capacity to degrade desoxyribose- 
nucleic acid at extract concentrations which re- 
tained considerable activity toward ribosenucleic 
acid. Dialysis caused tissue extracts to lose their 
ability to degrade desoxyribosenucleic acid to di- 
alyzable components, and the addition of salts 
(with the exception of bicarbonate) to such ex- 
tracts completely restored this activity. 


EXPERIMENTS WITH CRYSTALLINE RIBONUCLEASE 


In digests containing high concentration of tis- 
sue extracts and nucleates electrolytes were found 
to have no appreciable effect on the metabolism of 
ribosenucleic acid, while they accelerated the 
break-down of desoxyribosenucleic acid. Under 
conditions employing concentrations of nucleate 
and extract about one-fifth to one-tenth that of ex- 
periments previously described, it was possible to 
show that the presence of electrolytes markedly ac- 
celerated the Jasuledion of ribosenucleic acid into 
dialyzable components and that the greater part 
of this could be accounted for by the effect of the 
salt in the absence of any enzyme. Figure 3 illus- 
trates the effect of sodium chloride on the forma- 
tion of dialyzable components from ribosenucleic 
acid in the presence and absence of crystalline 
ribonuclease (22) (Kunitz preparation) as com- 
pared with the spontaneous break-down of the 
compound. 

These data show that there is a slight, progres- 
sive, spontaneous break-down of ribosenucleic acid 
to dialyzable components, which is accelerated 
many times by the presence of salts. Magnesium 
ions have been found to be about four times as ef- 
fective as sodium ions in this regard. The effect 
is proportional to concentration and is charac- 
terized by a rapid initial appearance of dialyzable 
components followed by a progressive but slower 
rate of degradation. In figure 3 the effect of erys- 
talline ribonuclease upon the degradation of 
ribosenucleic acid in the presence and absence of 
salt is illustrated; from the slope of the lines rep- 
resenting the appearance of dialyzable components 
it is apparent that salts accelerate enzymatic ac- 
tivity. Therefore, the appearance of dialyzable 
components from digests of ribosenucleic acid is 
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Figure 3.—Influence of electrolyte upon formation of 
dialyzable components from ribosenucleic acid in the 
presence and absence of crystalline ribonuclease. Cello- 
phane bag contained 1 mg. of ribonucleate and 0.1 mg. 
of crystalline ribonuclease in total volume of 3 ce. Salt 
concentration in system varied as shown in graph. The 
lowermost line represents the spontaneous break-down 
of ribosenucleic acid in distilled water. The lower 
broken line shows the formation of dialyzable compo- 
nents from the nucleate in the presence of ribonuclease, 
und the upper broken line the effect of nuclease and salt. 
The intermediate solid lines represent the desaggregat- 
ing effect of salt alone. 


not per se a measurement of enzymatic activity, 
for the same effect is accomplished nonenzymati- 
cally by electrolytes. Because of the heat-stable 
nature of the ribonuclease, it is difficult to make 
an easy distinction between enzymatic and nonen- 
zymatic activity in tissue extracts. However, the 
nature of the effect produced by electrolytes and 
that produced by crystalline ribonuclease can be 
easily differentiated by the ability of the latter 
to oetabe acid groups in the course of the deg- 
radation of ribosenucleic acid. Ten milligrams of 
ribosenucleic acid and one milligram of crystal- 
line ribonuclease in a total volume of 10 ec. were 
incubated at 39° for 4 hours, in the presence and 
absence of 0.1M electrolyte, and at the end of the 


period were titrated with 0.001N sodium hydroxide 
to first change of color of phenolphthalein. Con- 
trols consisted of the same amount of nucleic acid 
in water and in salt solutions. Data expressed as 
increments of titratable H* per milligram of nu- 
cleate over ribosenucleic acid blanks revealed 
that ribonuclease alone liberated 4.56 X 10 equiv- 
alents H*; ribonuclease plus sodi-m chloride 
6.510% equivalent H*; and ribonuclease plus 
magnesium chloride, 7.00107 equivalents H*; 
while sodium chloride and magnesium chloride in 
the presence of ribosenucleic acid did not liberate 
titratable acid groups. It is significant that al- 
though salts are capable of causing the degrada- 
tion of ribosenucleic acid to dialyzable compo- 
nents, no acid groups are liberated in the process, 
suggesting that the process is one of desaggrega- 
tion, as contrasted with the splitting of the aouly 
esterified phosphate bonds, which characterize the 
activity of the crystalline ribonuclease. The lib- 
eration of acid groups by the crystalline enzyme 
is nevertheless influenced to a considerable extent 
by salt concentration as illustrated in figure 4. 
These data show that in the absence of salt the 
enzyme liberates 0.65 acid equivalents per mole of 
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Figure 4.—Influence of electrolyte upon the liberation of 
acid groups from ribosenucleic acid by crystalline ribo- 
nuclease. Broken line indicates nuclease activity in 
presence of Mg**; solid line, in absence of salt. 
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ribosenucleic acid (molecular weight of 1,286) 
and in the presence of 0.1M magnesium chloride, 
0.94 acid equivalents per mole. In figure 4 the in- 
fluence of magnesium (0.1M magnesium chloride ) 
upon the rate of liberation of acid groups in di- 
gests of ribosenucleic acid with crystalline ribo- 
nuclease is shown. The acceleration of the rate of 
reaction is striking in the presence of magnesium 
ions. This has been shown to be proportional to 
the concentration of the electrolyte, and to be 
greater in the presence of the divalent magnesium 
ion than in solutions of equal normality of the 
monovalent sodium ion. 


EXPERIMENTS WITH PURIFIFD DESOXYRIBONUCLEASE 


A preparation of purified desoxyribonuclease 
from beef pancreas was recently described by 
McCarty (21). Because of the dependence of this 
enzyme upon salt activation (Mg**, Mn**), data 
relating the behavior of these enzymes to the phe- 
nomena associated with the metabolism of nu- 
cleic acids by dialyzed tissues were desired. For 
this purpose, a sample of purified desoxyribonu- 
clease was otbained through the kindness of Dr. 
Maclyn McCarty, of the Rockefeller Institute. 

McCarty’s measurements of desoxyribonucle- 
ase activity were based on viscosimetric data. The 
enzyme was activated only by Mg** and Mn* 
and the Mg** activation was destroyed by fluoride. 
Ribonuclease was shown by Kunitz (22) to form 
dialyzable products when incubated with ribose- 
nucleic acid. Similar data were not available 
for desoxyribonuclease activity. A series of ex- 
periments was therefore made utilizing the systems 
previously described for detection by spectropho- 
tometric measurement of dialyzable components 
resulting from nucleic acid digests. 


DIALYSIS DATA 


In addition to the spectrophotometric assay for 
dialyzable components, an estimate of acid precip- 
itability was made upon the contents of the cello- 
phane bags (desoxyribosenucleic acid), by com- 
— the turbidity produced upon addition of di- 

ute hydrochloric acid. 

Cellophane bags were inserted into centrifuge 
tubes containing 20 ce. of distilled water brought 
to the desired salt normality; and to the bags were 
added 1 cc. of desoxyribonuclease solution contain- 
ing 0.1 mg. of purified enzyme, 1 ce. of a 0.1-percent 
solution of desoxyribosenucleate (previously 
dialyzed to remove traces of sodium chloride), and 
3 ce. of distilled water. 

Acid precipitability was determined upon the 
contents of the bag by transferring to test tubes 
and adding 0.2 ce. of 0.1N hydrochloric acid. 
The turbidity produced was compared with a 


standard composed of 1 mg. of desoxyribosenucleic 
acid in 5 ce. of water similarly treated. Turbidity 
was compared in a visual colorimeter with the 
standard set at 20, and acid precipitability was 
reported as reciprocals of test readings multiplied 
by 2x 10*. Thus, the standard is 100, and decreases 
in acid precipitability give decreasing values. 
This is, of course, a rough estimate of the reac- 
tion of desoxyribosenucleic acid and is intended 
only as an expression of the altered turbidity of 
nucleate-enzyme digests following incubation in 
the presence of various salts. 

Absorption at 26004 was measured, in the di- 
alyzates, of the various solutions with the Beck- 
man spectrophotometer. As previously mentioned, 
this was found to be an val of the dialyzable 
nucleic acid, or total dialyzable comy onents. 

Table 6 gives the results of experin» nts in which 
a wide variety of salts at equal normality was in- 
vestigated as activators for desoxyribonuclease. 


TasLe 6.—Activation of purified desoryribonuclease by 


salt 
| Acia precipitabili 
ty of substrate p- 
Purified | | following incuba- | tion, at 

enzyme (in | nucleic Salt tion at— 2600A in 
milligrams) | acid | dialyzate 

| (density) 

1 hour | 3 hours 
é.. 100 100 0. 025 
0. J) Sa | 90 44 . 025 
0. LiCl- 42 0 030 
0. 1.0 | NaCl 56 20 - 050 
0. 1.0} KCl. 56 0 . 040 
0. 1.0 | 28 20 - 050 
0. 1.0} CsCl 52 0 . 060 
0. 1.0 | NH,Cl 66 30 040 
0. 1.0 | CaCh 0 0 185 
0. 1.0| MgCh 0 0 . 225 
0. 0 0 .170 
0. 26 0 225 
0. 1.0 | Guanidine HCl... 56 20 - 065 
0. 1.0 | Arginine HCl____. 0 0 . 100 
0. 1.0 | Na glutamate-___- 20 0 - 095 
0. 1.0} MnCl; 0 0 325 
0. 1.0 Zinc acetate 54 54 .027 
0. 1.0 | NaHCO 100 100 - 025 
0. 1.0 | NasHPO,.- 7 040 
0. 30 10 045 
0. 1.0 | Sodium citrate __- 97 100 - 030 
0. 1.0 Albumin (egg) 0 0 
0. 1.0 Glycyl glycine. . 95 100 025 


From the data (table 6), it is evident that a va- 
riety of monovalent and divalent ions and three 
organic compounds (arginine hydrochloride, so- 
dium glutamate, and purified egg albumin (sodium 
albuminate)) are capable of activating the en- 
zyme sufficiently to alter acid precipitability. 
These changes are obvious upon addition of acid, 
and one need not rely upon determination of tur- 
bidity for detection of change. In this regard, we 
noted that solutions containing higher concentra- 
tion of enzyme to substrate (0.4 mg. enzyme to 0.1 
mg. of desoxyribosenucleic acid) showed almost 
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complete loss of acid precipitability of substrate 
upon incubation in the absence of ion activation. 
Under these conditions there was no formation of 
dialyzable products. 

Although a wide variety of ions was capable of 
activating the purified enzyme, there was consid- 
erable difference within the group in accelerating 
changes in acid precipitability of desoxyribose- 
nucleic acid and particularly in the formation 
of dialyzable components, the divalent ions being 
more efficient in both cases. Loss of acid precipi- 
tability determined by these techniques apparently 
precedes and may be complete in the absence of 
the formation of dialyzable components. The 
organic radicals occupied a position of activating 
efficiency somewhat greater than the monovalent 
metallic ions tested. It is noteworthy that sodium 
fluoride had an activating effect and that sodium 
bicarbonate provided no activation. 

Figure 5 shows the rates of formation of dialyza- 
ble components from systems activated by various 
salts. The experimental procedure was as follows: 
To the cellophane bag were added 1 cc. of purified 
nuclease solution containing 0.1 mg. of purified 
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Ficure 5.—Effect of various ions upon the formation of 
dialyzable components from digest of desoxyribosenu- 
cleic acid with purified desoxyribonuclease, 
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enzyme, 1 cc. of 0.1 percent desoxyribosenucleic 
acid, and 3 cc. of water. To the outside volume (20 
ec.) salt was added to a concentration of 0.01N. 
Absorption at 2600A in dialyzate was measured by 
means of the Beckman spectrophotometer and was 
reported in terms of density readings. For this 
comparison, the interval between the first and sec- 
ond hours of incubation was selected, and the rates 
were calculated from the slope of the line. The 
high activating power of divalent ions is appar- 
ent, Mn**, Mg**, and Ca**, appearing in descend- 
ing order of effectiveness. Sodium ions produced 
minimal activation, and arginine hydrochloride 
approached Ca** in effectiveness. 

Figure 6 illustrates the rate of formation of di- 
alyzable components from these systems over 
longer incubation periods. After 6 hours’ incuba- 
tion, the divalent ions exhibited practically iden- 
tical activating power. Arginine hydrochloride 
again occupied an intermediate position while so- 
dium showed less but definite activating power. 
The linear sodium effect suggests that with suffi- 
ciently long incubation periods this ion would ap- 
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Fieure 6.—Effect of salts on formation of dialyzable com- 
ponents from desoxyribosenucleate in the presence of 
purified nuclease. Experimental conditions were the 
same as those for experiment illustrated in figure 5. All 
salts were at 0.01N concentration. 
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tion of dialyzable components. The absorption 
spectra of the dialyzates of these systems showed 
pert Bh identical with those of intact des- 
oxyribosenucleic acid. Under the conditions of 
the experiment, about 70 percent of the desoxyrib- 
osenucleic acid was degraded into dialyzable com- 
ponents. Neither ammonia nor inorganic phos- 
phate was liberated. 

The comparative activating effects of sodium 
and magnesium ions as a function of concentration 
are shown in figure 7. In this case, the solution 
within the cellophane bag contained 0.1 mg. puri- 
fied nuclease and 1 mg. desoxyribosenucleic acid. 
Salts were added to the systems in the concentra- 
tions shown in the graph. The incubation period 
was 3 hours. The absorption in the dialyzate was 
measured at 2600A and was recorded in density 
readings (or percent dialyzable components X 10°). 
Both ions exhibited maximal effective concentra- 
tions, above which this activating power dimin- 
ished. Magnesium ions were several hundred per- 
cent more effective in accelerating the formation ot 
dialyzable components than were sodium ions in 
similar concentrations. It is noteworthy that 
sodium ions exhibited maximal activity in physio- 
logic concentration. 

Bicarbonate ions proved inhibitory when added 
to Mg**-activated system in concentrations of 10 
to 30 millimolar. This effect was found to be 
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Ficure 7.—Effect of varying concentrations of magnesium 
and sodium chlorides on formation of dialyzable com- 
ponents from desoxyribosenucleate in the presence of 
purified nuclease. 


independent of the shift to alkaline pH ranges in 

the unbuffered systems, for addition of sodium 

hydroxide in amounts sufficient to produce com- 

— pH changes resulted in little or no inhi- 
ition. 

The addition of fluoride to Mg*t-activated sys- 
tems resulted in no inhibition of formation of 
dialyzable components in the concentrations used 
(0.01N to 0.03N sodium fluoride) 

As in the case of ribonuclease acting upon ribose- 
nucleic acid (22), purified desoxyribonuclease 
was found to produce a shift to acid pH when in- 
cubated with solutions of desoxyribosenucleic acid, 
without producing inorganic phosphate. 


VISCOSIMETRIC DATA 


Profound alterations of viscosity are induced in 
solutions of desoxyribosenucleic acid upon enzy- 
matie degradation of this highly polymerized sub- 
stance. The viscosimetric techniques employed 
varied from the technique described by McCarty 
(21) in that higher concentrations of desoxyribose- 
nucleic acid were used (final concentration, 0.5 
percent) and measurements were carried out under 
a constant external pressure gradient. Under 
these conditions viscosity is a function of molecular 
asymmetry. From data thus collected, it was 
found that Mg**, Mn**, arginine hydrochloride, 
sodium glutamate, and sodium albuminate (puri- 
fied egg albumin) had high activating effects 
while Ca**, Na*, NH,*, K*, Ba**, Zn**, Fe**, F-, 
Cs*, Rb* and Li* had low but detectable activating 
effects. At equimolar or slightly higher concen- 
trations, sodium fluoride did not inhibit the Mg**- 
activated enzyme. Although bicarbonate in- 
hibited formation of dialyzable components from 
Mg**-activated systems, as previously described, no 
inhibiting effect could be demonstrated on Mg**- 
activated systems studied by viscosimetric tech- 

igure 8 illustrates the activating effects of sev- 
eral ions and organic compounds assayed by vis- 
cosimetric methods, and in the following tabula- 
tion acid-soluble phosphorus present in mixtures of 
desoxyribosenucleic acid, purified desoxyribonu- 
clease, and salts is recorded. The digest mixtures 
were the same as those described in figure 7 and 
were removed from the viscometers at the end of 
the 5-hour period of incubation. After adding 
0.1 ec. of IN hydrochloric acid to 2.5 ec. of the di- 
gest, the precipitate was filtered off and the filtrate 
analyzed for total phosphorus. Results are given 
in terms of 5 cc. of digest containing 2.250 micro- 
grams of nucleic acid phosphorus. The manga- 
nous jon was the most potent activator. Sodium 
fluoride and sodium chloride provided slight but 
equal activation, while sodium glutamate and 
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CORRECTED PERCENT CHANGE IN VISCOSITY 
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FIGURE 8.—Percent change in viscosity at constant external 
pressure of 16 cm. water and at 30° C. of mixture of 
3 ce. dialyzed 1-percent sodium desoxyribosenucleate, 1 
ec. 0.01-percent purified desoxyribonuclease, 1 ce. of salt 
solution, and 1 ec. water; 5 ce. of the mixtures was 
incubated in the viscometer. Results given in ordinate 
in terms of percent change in viscosity at each time in- 
terval from which was subtracted the percent change at 
the same interval of a similar mixture in which 1 ce. 
of water was present in place of 1 ce. of salt. Abscissa, 
period of incubation. Curve 1 describes results in the 
presence of: 1 cc. of 0.15N magnesium chloride alone, 
or 1 ce. of a mixture of 0.15N magnesium chloride and 
0.15N sodium fluoride, or 1 cc. of a mixture of 0.15 N 
magnesium chloride and 0.23N sodium fluoride, or 1 ce. 
of a mixture of 0.15N magnesium chloride and 0.23N 
sodium bicarbonate. Curve 2 refers to results in the 
presence of 1 ec. 0.15N manganese chloride, curve 3 to 
results in the presence of either 1 cc. 0.15N sodium chlo- 
ride or 1 cc. 0.15N sodium fluoride, curve 4 to results 
in the presence of 1 ec. 0.15N sodium bicarbonate, curve 
5 to results in presence of 1 cc. 0.15N sodium-l-glutamate, 
curve 6 to results in the presence of 1 ec. 0.15N l-arginine 
monohydrochloride, and curve 7 to results in the pres- 
ence of 1 cc. 0.15N calcium chloride. In all cases the 
— of purified nuclease was added to the mixture 
ast. 


arginine monohydrochloride occupied intermedi- 
ate positions. In the magnesium-activated sys- 
tems, high concentrations of sodium fluoride 
(0.23N) did not inhibit fall in viscosity or forma- 
tion of acid-soluble phosphorus. 


Acid-soluble phosphorus 


Salt? icrograms 
No salt 0 
O0.15N Manganese chloride 240 


0.15N Magnesium chloride 228 
0.15N Magnesium chloride+0.15N sodium fluoride___ 220 
0.15N Magnesium chloride+0.23N sodium fluoride___ 220 


0.15N Sodium glutamate___ 180 
0.15N Arginine monohydrochloride 40 
0.15N Sodium chloride 2 
0.15N Sodium fluoride 20 
0.15N Sodium bicarbonate 0 
0.15N Calcium chloride__ 0 


11 ce. of salt of designated normality in 6 cc. of the digestion 
mixture. 


In studies of formation of dialyzable compo- 
nents from desoxyribosenucleic acid in the pres- 
ence of purified desoxyribonuclease, calcium was 
found to be strongly activating. (See figure 5.) 
Viscosimetric data, on the other hand, showed no 
calcium activation, in agreement with McCarty 
(21). However, it should be noted that the ratio of 
concentration of salt to concentration of substrate 
in systems for viscosity studies was much lower 
than that in dialysis studies, while the same con- 
centration of purified enzyme was used through- 
out. Another point of interest was the ability of 
purified egg albumin (sodium albuminate, pH 6.9) 
to activate the purified desoxyribonuclease. 


TITRATION DATA 


The liberation of acid groups during the. en- 
zymatic degradation of nucleic acids is a conse- 
quence of the splitting of the double esterified phos- 
phate linkages between nucleotides and is probably 
the best criterion of this phase of the enzymatic 
degradation process. As shown in this paper, 
ribosenucleic acid may be so altered in the presence 
of electrolytes as to become dialyzable while failing 
to liberate acid groups in the process. In contrast, 
the crystalline enzyme ribonuclease besides de- 
grading the nucleic acid into dialyzable compo- 
nents also liberates titratable acid groups, processes 
which are accelerated by salts. 

In order to assess adequately the role of electro- 
lytes in the activation of — desoxyribo- 
nuclease, it was necessary to determine the ability 
of the enzyme to liberate acid groups alone and in 
the presence of salts. The results of titration ex- 
periments, conducted as described for ribosenucle- 
ate, in which 10 mg. of desoxyribosenucleic acid 
and 1 mg. of purified desoxyribonuclease in a total 
volume of 10 cc. were incubated at 37° for 4 hours 
in solutions of distilled water, and either 0.07M 
magnesium chloride or 0.1M sodium chloride, were 
expressed as increments of titratable H* per 
milligram of nucleate over desoxyribosenucleic 
acid blank. Desoxyribonuclease alone liberated 
1.1 x 107 equivalents H*; desoxyribonuclease plus 
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sodium chloride, 3.2 x 10-* equivalents H*; and 
desoxyribonuclease plus magnesium chloride, 5.4 x 
10°? equivalents of H*. Controls consisting of 
the nucleate in solution of water and the two salts 
showed that as in the case of ribosenucleic acid 
electrolytes alone were incapable of liberating acid 
groups. However, unlike the case of ribosenucleic 
acid, salts alone at these concentrations were in- 
capable of forming dialyzable components from 
solution of desoxyribosenucleate. 

The results of these experiments are in agree- 
ment with those obtained by viscosimetric and di- 
alysis techniques, namely, that the purified en- 
zyme alone, although possessing slight activity 
in degrading desoxyribosenucleic acid, is accel- 
erated many times by the presence of electrolyte 
and that the divalent magnesium ion is more effec- 
tive than the monovalent sodium ion, at nearly 
equivalent concentrations. 


EXPERIMENTS TISSUE EXTRACTS 


In general the results of experiments with the 
purified enzymes can be applied to nucleate digests 
with tissue extracts. It has been shown by Green- 
stein, Carter, Chalkley, and Leuthardt (77) that 
dialysis removes the capacity of tissue extracts to 
desaminate and dephosphorylate desoxyribosenu- 
cleic acid, and that this capacity can be restored 
by the addition of many kinds of electrolytes. Ex- 
— with the purified desoxyribonuclease 
rave demonstrated that the electrolyte phenomena 
is concerned with the enzymatic degradation of 
the intact nucleate to smaller fragments with the 
liberation of acid groups. A similar influence 
of electrolytes upon ribosenucleic acid degradation 
can be shown, but because of the smaller particle 
size of the polymerized ribosenucleic acid the ef- 
fect is of a different order. Figures 9 and 10 illus- 
trate the influence of salts upon the degradation 
of nucleic acids to dialyzable components by an 
extract of rat kidney. In these experiments rat 
kidney was ground with sand and extracted with 
30 volumes of water followed by light centrifuga- 
tion. For the degradation of ribosenucleic acid, 1 
cc. of this extract was added to 1 cc. of a 0.1-percent 
solution of ribosenucleic acid within cellophane 
bags in the dialysis set-up previously described. 
Experiments with desoxyribosenucleic acid were 
conducted with 2 cc. of the kidney extract and 
1 mg. of desoxyribosenucleic acid (1 ce. of a 
0.1-percent solution). 

As shown previously in our experiments with 
isolated systems, the influence of salts upon the 
enzymatic degradation of ribosenucleic acid can- 
not be adequately assessed by employing criteria 
of formation of dialyzable components, for the 
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Ficure 9.—Formation of dialyzable components from a 
digest of rat-kidney extract and ribosenucleic acid and 
the effect of electrolytes. 


electrolytes themselves produce a desaggregation 
of the particles with progressive liberation of di- 
alyzable components. Furthermore, this effect 
is related to the concentration of salt employed and 
the valency of the ion. These data, however, show 
an acceleration of the degradation of ribosenucleic 
acid by tissue extracts in the presence of salts; 
but by the nature of the phenomena it is difficult 
to determine how much of the degradation is en- 
zymatic and how much is accounted for by the 
— of nonenzymatic protein and of electro- 
yte. 
. In the case of desoxyribosenucleic acid degrada- 
tion by tissue extracts, the effect is more easily 
interpreted because of the inability of salts alone 
to effect a desaggregation of the particles to form 
dialyzable components. As illustrated in figure 
10, the degradation of the nucleate to dialyzable 
components by the tissue extract is slight in the 
absence of added electrolyte. The acceleration 
provided by the added salts is proportional to 
the concentration and is related to the valence of 
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100 T T T INI the cation. As in the case of purified desoxyribo- 
nuclease, maxima are observed in salt activation of 
eX .048MNaci | tissue extracts beyond which salts have an actual 
OOSMME CI: depressing effect. These have not been observed 
| in experiments with ribosenucleic acid. Figure 11 
eol- a illustrates this phenomena in an extract of rat 
kidney under conditions identical for those de- 
a scribed in the previous experiments on the salt 
Z 70}- 4 activation of tissue degradation of desoxyribose- 
nucleic acid. 
Qa 
2 60+ OO6MNacI — EFFECr OF BICARBONATE AND FLUORIDE 
w Greenstein, Carter, Chalkley, and Leuthardt 
@ 50+ . (11) found that the ability to desaminate and de- 
phosphorylate desoxyribosenucleic acid in tissue 
5 | extracts, which was destroyed by dialysis and re- 
§ 40}- | stored by electrolytes, was inhibited by fluoride 
7 t and bicarbonate ions, and the salts of these ions 
6 .. a 2 failed to restore activity in contrast with other 
electrolytes (with the exception of beryllium). 
. The influence which these ions have upon the for- 
20 + mation of dialyzable components in nucleate di- 
ad gests is shown in table 7. In this experiment rat 
H,0 liver was extracted with 15 volumes of water; 2 
10} 7 ec. of the extract was added to a solution inside 
7 the cellophane bag containing 1 mg. of nucleate (1 
| ce. of a 0.1-percent solution). All salts were pres- 
; 2 3 4 5 ent in a concentration of 0.03N. It is noteworthy 
that neither bicarbonate nor fluoride has an appre- 
Ficure 10.—Formation of dialyzable components from a ciable inhibitory, effect on ribosenucleic acid 
. digest of rat-kidney extract and desoxyribosenucleie acid degradation, This may be a reflection of non- 
Te and the effect of electrolytes. enzymatic desaggregation of the ribosenucleic 
T T T | | | 
ion 
2 
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lone e 
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gure 
012 024 036 048 .060 .072 #.089 096 .108 120 
al to MOLARITY 
aaa Ficure 11.—Bffect of concentration of electrolyte upon the formation of dialyzable components from digests of 
desoxyribosenucleic acid. 
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TABLE 7.—I nfluence of bicarbonate and fluoride on forma- 
tion of dialyzable components 


Dialyzable components 
| NaCl+ NaHCO; 
None | NaCl |NaHCO;| NaF NaF 
Tissue extract 
| 
-|<4 < < < < < 
<4 124 
\pet.| Pet.| Pet.| Pet. Pet. | Pet. | pet.| Pet.| Pet.| Pet. Pet.| Pet. 
|50. 0.37. 5.50. 0,50. 0 49.0 3.085.047.5)70.049.0 71.0, 17.5 
Dialyzed liver. 2. 59.0, 3.0 
| 


Ribosenucleic acid. 
2 Desoxyribosenucleic acid. 


acid. However, bicarbonate ion suppresses the 
degradation of desoxyribosenucleic acid in fresh- 
tissue extracts and fails to restore enzymatic activ- 
ity to dialyzed extracts. This effect is largely 
independent of pH. Extracts, dialyzed or undi- 
alyzed, in the presence of bicarbonate ions at this 
concentration also fail to produce ammonia and 
inorganic phosphate when incubated with desoxy- 
ribosenucleic acid, whereas under these conditions 
ribosenucleic acid digests vield ammonia and inor- 

anic phosphate (77). Fluoride ions do not in- 
hibit the formation of dialyzable components from 
either ribosenucleic or desoxyribosenucleic acid 
digests; in the concentration employed (0.03N) 
desamination and dephosphorylation in both 
ribosenucleic and acids are 
practically completely inhibited. 


RELATION OF DESAMINATION AND DEPHOSPHORYLATION TO 
THE FORMATION OF DIALYZABLE COMPONENTS 


In figures 12 and 13 the formation of ammonia 
and inorganic phosphate from digests of nucleic 
acids with tissue extracts is compared with the rate 
of formation of dialyzable components. It is ap- 
parent that desamination and formation of di- 
alyzable components proceed at almost equal rates 
throughout the course of the reaction and that no 
— to either process can be assigned on the 

asis of such kinetic data. The relation of dephos- 
phorylation to formation of dialyzable components 
under the conditions illustrated in figure 13 is of 
a different nature, in that an early maximum in 
the appearance of inorganic phosphate in the di- 
alyzates of ribosenucleic acid digests is encoun- 
tered, and this represents about 40 percent dephos- 
phorylation of the dialyzable components. Des- 
oxyribosenucleic acid is more completely dephos- 
phorylated under these conditions, reaching values 
comparable with about 80 percent dephosphoryla- 
tion of the dialyzable components. 


PERCENT DIALYZABLE COMPONENTS AND DESAMINATION 
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Ficgvure 12.—Relation of the formation of dialyzable com- 
ponents to the liberation of ammonia in nucleate (5- 
mg.) digests with spleen extract (6 volumes water) 
incubated within cellophane bags while dialyzing against 
0.01N sodium chloride. Curve 1, formation of dialyzable 
components from ribosenucleic acid; curve 2, forma- 
tion of dialyzable components from desoxyribosenucleic 
acid ; curve 3, formation of ammonia from desoxyribose- 
nucleic acid; and curve 4, formation of ammonia from 
ribosenucleic acid, 


From these data it would appear that one of the 
reactions might be rate-limiting and that upon its 
completion the others proceed rapidly. The data 
of Schmidt, Pickels, and Levene (23) which 
showed that highly polymerized desoxyribosenu- 
cleic acid was not a substrate for purified nucleo- 
phosphatase suggested that the preliminary de- 
polymerization might be the rate-limiting reac- 
tion. Because of the comparatively small particle 
size and low degree of polymerization of ribose- 
nucleic acid, it is impossible to subject the ribo- 
nuclease system to such an analysis. However, 
the degradation of desoxyribosenucleic acid is sus- 
— to experimental analysis by virtue of the 
following: (1) The fact that the dialyzed tissue 
extract is not capable of degrading desoxyribose- 
nucleic acid to dialyzable components or forming 
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Figure 13.—Relation of the formation of dialyzable com- 
ponents to the liberation of inorganic phosphate in nu- 
cleate (1-mg.) digests with spleen extract (30 volumes 
water) while dialyzing against 0.024M magnesium 
chloride. Solid lines represent dialyzable components ; 
broken lines, inorganic phosphate. 


ammonia and inorganic phosphate from the nucle- 
ate; and (2) the purified desoxyribonuclease, 
which is capable of degrading desoxyribosenucleic 
acid in the presence of proteinate, cannot desam- 
inate or dephosphorylate the nucleate or its com- 
ponents. The application of these data to dialyzed 
spleen with or without purified enzyme was tested. 
Rat spleen was extracted with 30 volumes of water; 
2 ec. of the extract was added to 1 mg. of desoxyri- 
bosenucleic acid in 1 ce. within the cellophane bag 
of the dialysis set-up. The incubation period was 
4hours. The data are given in table 8. 


TABLE 8.—Formation of dialyzable components, ammonia, 
and inorganic phosphate from digest of desoryribosenu- 
cleic acid with dialyzed spleen ertract 


Inorganic | Dialyzable 
Substance Ammonia phosphate | compounds 

Milligrams | Milligrams | Percent 
Extract plus desoxyribonuclease !_____ - 035 - 054 65 


1 Solution in bag contained 0.2 mg. purified enzyme. 


These data show that the dialyzed tissue ex- 
tract which is incapable of forming dialyzable 
components, ammonia, or inorganic phosphate 
from desoxyribosenucleic acid, can, in the presence 
of purified desoxyribonuclease, which degrades the 
nucleate into dialyzable components but has no 
desaminating or dephosphorylating activity, form 
ammonia and inorganic phosphate in amounts 
corresponding to almost complete desamination 
and dephosphorylation of the dialyzable compo- 
nents. It is thus apparent that in the metabolism 
of desoxyribosenucleic acid a preliminary enzy- 
matic degradation of the highly polymerized mole- 
cules precedes the splitting of ammonia and inor- 
ganic phosphate from the compound. 

That desamination and dephosphorylation are 
distinct from the reactions which account for for- 
mation of dialyzable components from desoxyri- 
bosenucleic acid can also : shown from experi- 
ments in which sodium fluoride in concentrations 
of 0.03N was capable of completely inhibiting de- 
phosphorylation but had an activating effect upon 
the formation of dialyzable components. 


DISCUSSION 


Ribosenucleic and desoxyribosenucleic acid are 
both degraded to dialyzable components by tissue 
extracts and purified nucleases, and in both in- 
stances the process is influenced by electrolytes. In 
the case of ribosenucleic acid, degradation to di- 
alyzable components may be induced by electro- 
lytes alone and probably by the nonenzymatic pro- 
teinate of tissue extracts, which are electrolytes of 
large particle size. The effect caused by the latter 
is difficult to evaluate because of the heat-stable 
nature of ribonuclease. It is known that salts are 
capable of inducing striking alterations in the 
— properties of desoxyribosenucleic acid. 

owever, the changes are not sufficient to produce 
dialyzable components from the intact nucleate. 
Hammarsten (20) described changes in osmotic 
pressure and viscosity of solutions of desoxyribose- 
nucleic acid induced by electrolytes. That these 
changes induced by electrolytes involve alterations 
in size and shape of the desoxyribosenucleic acid 
particle is illustrated in the parallel decrease in 
structural viscosity and streaming birefringence 

95). 
' Purified desoxyribonuclease was shown in ex- 
periments described by McCarty (21) and in this 
paper to be dependent upon ion activation. We 
found that a variety of electrolytes including or- 
ganic radicals (arginine and glutamate) and 
sodium egg albuminate as well as ions not encoun- 
tered physiologically (11) are capable of activat- 
ing the enzyme. It is possible to view this ion effect 
in two ways, namely, (1) that the ions have a 
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direct activating effect on the enzyme systems, and 
(2) that this influence is basically due to a com- 
mon effect which they exert upon desoxyribose- 
nucleic acid in solution by virtue of their behavior 
as charged particles, while valence and nature of 
the ion affect the rate of the reaction. Under this 
influence, the physical properties of the nucleate 
are so altered as to increase its susceptibility to 
enzymatic attack. At the present time we are in- 
clined to favor the second of these alternatives. 

Experiments reported herein demonstrate that 
ribosenucleic acid and desoxyribosenucleic acid are 
degraded by the specific nuclease many times more 
rapidly in the presence of electrolyte than in salt- 
free solutions. This effect is best demonstrated by 
employing the liberation of acid groups as cri- 
teria for enzyme activity, rather than the forma- 
tion of dialyzable components, for salts alone pro- 
duce a desaggregation of ribosenucleic acid with 
the formation of dialyzable components. The 
primary nature of the salt effect may be the same 
in the case of both nucleates, i. e., a desaggregation 
or opening up of the molecule under the influence 
of electrolytes. 

The problem of determining the extent to which 
the degradation of ribosenucleic acid in tissue ex- 
tracts is independent of specific enzymatic activ- 
ity is complicated by the heat-stable nature of the 
enzyme involved thereby making it impossible to 
inactivate selectively the enzyme by heat. The 
ability of the tissue proteinates to behave as 
charged particles also may account for the deg- 
radation of the nucleate to dialyzable particles. 
Dialysis has been shown to cause a loss of ability 
to degrade desoxyribosenucleic acid by tissue ex- 
tracts while effecting no alteration in the break- 
down of ribosenucleic acid. Therefore, if a major 
portion of the degradation of ribosenucleic acid to 
dialyzable components in tissue extracts is non- 
enzymatic, this cannot be accounted for by the 
presence of inorganic salts. As suggested, we be- 
lieve that the liberation of acid groups is the best 
criteria of enzymatic degradation of ribosenu- 
cleic acid, for, although this is accelerated by salts, 
salts alone cannot open up acid groups. 

By employing the purified desoxyribonuclease, 
it is possible to show that desamination and de- 
phosphorylation of desoxyribosenucleic acid is de- 
yendent upon a preliminary degradation of the 
highly polymerized nucleate to dialyzable com- 
ponents. Schmidt, FPickels, and Levene (23) 
showed that the highly polymerized preparations 
of desoxyribosenucleic acid were not substrates of 
purified “nucleophosphatase,” while preparations 


possessing low degrees of polymerization were 
readily dephosphorylated. We are unable to esti- 
mate the particle size susceptible to desamination 
and dephosyhorylation other than that it is di- 
alyzable through cellophane. The ability of flu- 
oride to accelerate the enzymatic degradation of 
nucleic acids to dialyzable components while in- 
hibiting dephosphorylation of these compounds 
emphasizes the independence of these two pro- 
cesses, 

In view of the foregoing observations, it appears 
that the degradation of nucleic acids (desoxy- 
ribosenucleic in particular) may involve (1) a 
nonenzymatic desaggregation induced by a variet 
of electrolytes, both inorganic and organic, which 
increases the susceptibility of the nucleate to sub- 
sequent, (2) enzymatic splitting of certain of the 
internucleotide linkages with liberation of acid 
groups bound in organic phosphate esters. In the 
case of desoxyribosenucleic acid preparations that 
we have investigated, this phase of the enzymatic 
degradation accounts for the formation of di- 
alyzable components (ribosenucleic acid may be 
desaggregated to dialyzable components by salts 
alone) and precedes the (3) enzymatic desamina- 
tion and dephosphorylation of dialyzable nucleic 
acid components of otherwise undetermined size. 
This stage in fresh tissue extracts is inhibited by 
fluoride, which suggests that the specific natural 
activator under these conditions may be magne- 
sium, 

We wish to avoid a rigid interpretation of the 
complex phenomena of nucleic acid degradation 
but tentatively propose that the foregoing stages 
are involved in the process. 


SUMMARY 


A method is described for following the enzy- 
matic degradation of nucleic acids by determina- 
tion of dialyzable components with chemical and 
ee techniques. Data obtained by 
these methods indicate that the liberation of am- 
monia and inorganic phosphate from nucleate 
digests is accompanied o the formation of other 
dialyzable components. 

Experiments with purified desoxyribonuclease 
employing viscosimetric, titrimetric, and dialysis 
techniques demonstrated that the activity of the 
enzyme in reducing viscosity of desoxyribosenu- 
cleic acid, in opening up acid groups, and in de- 
grading the substrate to smaller particles is strik- 
ingly augmented by a variety of electrolytes, both 
inorganic and organic. Crystalline ribonuclease, 
though not requiring salts for activation, liberates 
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acid groups from ribosenucleic acid at an increased 
rate and toa greater extent in the presence of elec- 
trolytes. Salts alone are capable of degrading 
ribosenucleic acid to dialyzable components with- 
out the liberation of acid groups, probably by 
effecting a desaggregation of ribosenucleic acid 
particles. 


Purified desoxyribonuclease added to dialyzed 
tissue extracts which are incapable of degrading 
desoxyribosenucleic acid to dialyzable components 
or forming ammonia and inorganic phosphate 
from the nucleate results in the formation of di- 
alyzable components and the subsequent liberation 
of ammonia and inorganic phosphate therefrom. 
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